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1. INTRODUCTION

A new class of integrated circuits, called charge domain devices (CDID) has been developed with the
goal of performing signal processing functions with accuracy and speed performance exeeeding altern |
tive technologies.  The starting point Tor this development is conventional charge transler device
(CTD) technology.'" Devices of this type such as charge coupled device (CODDY wransversal filers'”

> have been demonstrated in many cases, particularly at high frequencies, 10 be more eflicient in pet
torming particular sampled data processing functions than such aliernative techaiques as digital filters o
switched capacitor devices. However, as the speed and accuracy performance regquirements inereise.

' conventional CTD s also encounter i mber of limitations, and it is the purpose of the development
effort covered in this report to provide a technology which permits higher speed operation and wider
dynamic range by avoiding these limitations.  In order 1o understnd the origin of some ol these himita-
tons, the operation of conventional CTDs are briefly reviewed.

Conventional CTD’s derive their output signal by sensing charge pachets with overlying MOS clec-
trodes. Multiplication of these charges by 1ap weights is implemented by splitting the overhving ¢lee-
trodes in proportion to the desired impulse response coefticient, and summation is implemented by con-
necting the overlying electrodes.  This implementation is particularly  eflicient, since all ol the
mathematical operations are accomplished automatically by simple physical faws rather than by manipu-
lating binary bits in complex logic circuits, but it causes at least two ol the problems. First, as the
specifications on the system increase, and the number of filter cocthicients neceded 10 accomplish the
desired transfer function increases, the total capacitance of the output clectrode increases, making high
speed operation more difficult; and second, non-lincarities in the relationship between the charge in the
packets and the voltage induced on the overlying clectrodes usually compromises the accuracy ol the
transfer function if buried channel technology is uscd. These constraints have i the past himited the
frequency handling capabilitics of conventional C'TD hilters to a few megaherts,

Charge domain integrated circuits have been developed 1o overcome these limitations so as to n-
crease the frequency range that can be handled by monolithic signal processing chips.* ™ In charge
domain devices, all signal processing is performed by manipulating the charge packets themseives, rath-
or than using the image charge on overlying clectrodes. The charge packets representing the input sig-
nal may be split, routed, delayed and combined o0 form new charge packets that represent the output
signal. But since the splitting and routing depend only on the plan view geometry of the devices that ac-
complish it, and not on the details of the capacitance-voltage charactenistic, buried channel technology
can be used without degrading the accuracy ol the transfer function. Furthermore, sinee portions of
some charge puackets can be routed backwards in the signal Aow sense and re-introduced into the for-
y ward path, CDDs vicld the new possibility of filters with infinite impulse response; i.c.. filters that im-
plement poles as well as zeroes in their transfer function. Finally, since the output ol these devices is o
stream of charge packets, low capacitance diode sensing of the charge is used 1o generate the output sig-
nal. Thus, the output capacitance does not increase as the tilier architecture becomes more complex,
and device speed is limited only by the speed of charge transter which, for buried channel technology,
may be as large as hundreds of megahertz,
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] The purpose of this contractual ctfort was to investigate the unique capabilities of charge domain de-
] . . . . . . g
:,',.}4 vices and 1o develop them for high speed sampled data analog signal processing. Specitically the three
AT goals of the contract are, as stated in the original proposal:'®!
W

e To nvestigate the fundamental physical operation and limitations of the charge domain concept and
the relationship to analog filter performance characteristics. This will cover the relationship hetween
such device characteristics as lateral transter speed, charge picket splitting accuracy . and such per-
formance characteristics as filter accuracy, lincarity, and bandwidth.

e To design and implement a charge domain fifter as a (est vehicle that will demonsirate performancee
capabilities Tor o selected application  The hilter’s design will include tive tull ranee of trade-ofis be
tween poles and zetos, o umque featare of the chiarpe domam coneept

e Lo mvestigate the teasthility ol imbroducing programmability imto charge donm tdiers. Basie pro-
grammable building blocks will be designed, tabricated, and evaluated as part of this progrion. hoas
eovistoned that the resufis of this work will fead 1o a future progriom (o prodoace oo digdalle propram
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neable HHer module conttolied by readdy avanlable nucroprocessors. By s shuon, Tutuie sipnal
processing building blocks can be implemented with soltware conligarabitity and thus quickly and
comveiently integrated into a variety of applications.

This investigation has covered all the areas outlined in the proposal and has gone into more depth in

. several of the arcas. The goals of the contract have been addressed, and the successtul demonstration
of design methodologies, test vehicle tilters and programmability concepts has proven that the chirge
e domain concept is indeed a powerful new technigue for flexible realizing signal processing funcuions,
- and ultimately entire systems on a single integrated circuit chip. 'J

Scecthion 2 discusses some ol the basic charge domain operations for delay, multiplication and addi-
non. Section 3 desertbes the representation of signals in the charge domain which permits four quad-

. rant aridhimetic functons to be realized. Also in this section is a description of the mathematies under-

Ihving a tlter design. This leads into Section 4 which details some of the device structures which are

R needed to implement the mathematical functions and their capabilities and limitations.  Scveral charge
demain structures which overcome these limitations are described in Section S,

Section b discusses performance characteristics such as linearity, dynamic range and bandwidth. The
operation of charge splitting, which determines coeflicient accuracy is also discussed. The physics of
this operation has been investigated through testing of structures. These results indicate experimentally
how the splitting structure may be optimized for accuracy.

Scction 7 deseribes computerized test stations which have been developed for data acquisition o
oy characterize the accuraey and noise fevels of charge domain devices. Experimental results, which are
‘ ' much more precise than those obtained by previous methods, are also presented.

. o . . . . .
'.:. Scction & discusses the computer aided filter design tools which have been developed as the work
s proceeded. These tools are used in the interpretation of the test results and also in determining the
o feasibitity of certain filter designs prior to device fabrication.
v Section Y details the actual design and operation of two charge domain filters which have bcen de-
- veloped for this contract, a simple three pole low pass filter, and an eight pole narrowband bandpass
fitter. Both of these fillers have been successfully demonstrated and experimental measurements of
therr performance are included.
°a
= As mennoned above, one of the major goals of this contract is 1o provide the capability of clectrical-
w Iv programming the coeflicients that characterize the transfer function of a CDD filter. Section 10 de-
.. seribes several approgches which can be taken 1o realize digitally programmable devices. Two of these,
- nmamely a sequental method which minimizes chip arca and a pipelined method which optimizes speed.
. have been successtudly implemented, and experimental results are presented.
LS
- Scetion L looks to the Tuture and deseribes other Features of the charge domain which have not yet
- . . . . . . . . .
been utdized. Thas section desceribes some applications which could be efticiently addressed with charge
St donuun technology and would cventually result in the desired system on a chip.  All of the results to
- date. and possible future extensions are summarized in Section 12,
.
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2. BASIC CHARGE DOMAIN OPERATIONS

Discrete time signal processing requires only a relatively small number of functions; namely, delny
tmemory), and four quadrant addition and multiplication.  In order to optimize performance, these
functions must be implemented over a wide dynamic range, vel consume litde power and silicon arca
This section describes how the charge domain concept addresses these requirements.

2.1 INTACT CHARGE PACKET TRANSFER

Charge packet transfer is the basic operation used in both the CCD delay hine and the CCD spli
clectrode transversal ilter. Tt can be accomplished in a number of different wavs.' ™ The echnique
used for this contract is the pseudo one phase approach shown in top-view and cross-section m fae-
ure 2.1. This technique requires 4 clectrodes per stage. A S0% duty eyvele clock is applied 10 the two
clectrodes in the center of Figure 2.1 These clectrodes are called, respecnively, the clocked transten
clectrode and the clocked storage electrode. The other two electrodes are held at DCTand are cabied

CLOCKED

DC ELECTRODES ELECTRODES

PRIMES = TRANSFER GATES

¢d’ ¢d éc’ ¢Cc ¢d' éd ¢’ éc UNPRIMES = STORAGE GATES

LA

r_-|-‘\\2 1

1 ]

-—l N SURFACE POTENTIAL
LI ﬁ\ i
—rm Yz

r—-a_r--3 - =~
| HIH 1 HIR H
! "o | ! !
QN —> ! b 1 ¢ ! ! — Qout

[ [ " 1 ! \
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ONE CCD STAGE

gt ——

Figure 2.1 Pscudo one phase CCD operation.
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Ao D tansler leaode and the DO clectrode stotape. respechinedy - When the dock ines e conad

.
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’
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Y

- oncte e e packet dranstors 1o thie regon ander the Jdocked storape pate as shown Wion
-‘-‘ fock daroe ol e Churye packet transters 1o the night undernceat thic DO Starape ceciode s

, there s one tull stage of transter per one full clock cycle tone delay period). As a shorthand notation

o tor other figures, one tull stage including four electrodes is shown schematically as o single rectangle

Z representing the plan view of the reservoir holding the charge during one of the clock phases

h“_-

s 2.2 PACKET SPLITTING

A soown i bgure 2220 this operation iy identical to the basic operation desenibed above exeopt s,
the recenving reservorr is comprised of 1wo or more sections whose otal capacitanee is roughiy cquial o

C

-:;-' that ot the source reservair, but whose relative sizes correspond 1o predeterniuned satios Ongg 1
..‘-f:j charge has been split into portions, cach mdividual portion can be muoipulated indepeadentiv frs
::;-'_. amilateral splicting action can be conveniently obtained by startung the leading edges o the baticr 1y
.-:_.: gions that scparate the receiving reservoirs i the transler gate region ol the shaft regaister strocture as
' - shown in the Figure. W ihe potential in the transler gate region s always hugher than the receiv g
o

o~ '-n

=~ - | Q+0Qx+---+Qy =0

. Q . zcc" s OQ' o ofC.
C2 -_l=_| Q2

Cn Qn

ION IMPLANT OR
« THICK OXIDE

Figure 2.2, Barrier charge packet splitting.
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reservoirrs, the charge will not be able 10 back up™ around the barriers between the
\lthough the leading edges of the barriers are shown coming 1o a point, Uus feature s not essential h
is helptul, however, m minimizing the effect of small, uncontrolied clectric fickds on the division of the
ol charge among e receiving reservoirs.

FOSCrvairs.

[he packet sphitting operation described above is used 1o implement muluplication, but some prob-
flems must be taced. First of all, it s not be possibie to implement coeflicients greater than unity with
thes approach, and scecond, the implementation of multiplication by o negative number s not obvious,
Both o these points are addressed in detail later,

2.3 PACKRET COMBINING

\scan be seenan Pigure 2.3, this operation s also essentially identical to the basic trianster operda-
ton discussed above  This tme several component packhets are simultancoushy transferred into o single
rescivoit. and 1t s obvious that this operation implements the summation ot the imdimvadoal compon.

Charee packets
2.4 EQUILIBRATION

A technique called “equilibration™ is used to implement both addition and multiplication in a single
step. In this operation, which is shown in Figure 2.4, two charge storage regions are briefly connected
together during each clock period by turning on the equilibration gate that separates them. During the
tme this gate is open, charge flows between the reservoirs so as o equalize their potentials. After
cquilibration, the gate is turned off, leaving amounts of charge in cach reservoir in proportion to their
respective capacitance tassuming equal applied voliages and threshold voltages) irrespective of the ini-
tal distribution of charge. Since charge 1s required 10 move in both the X and Y directions in this
structure, there is a potential speed problem. The relatively long time required for an initially uncqual
charge distribution to become uniformly distributed can be greatly reduced by introducing a lateral
diffusion channel to tower the lateral resistance and thereby reduce the time constant. This diffusion
may be overlayed by a4 metal to further enhance lateral transfer speced. The penalty inherent with this
technique. which results in a structure similar to a stage in a bucket brigade delay line, is higher
transter loss. However, since only a small number of these stages are required in a device, this is usu-
ally not a imitatuon

Qi

Q=0Q +Q;,

Figure 2.3, Charge package summation.
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\:‘ 3. SIGNAL PROCESSING
:,'" 3.1 SIGNAL REPRESENTATION

.

.

Pant
-

For general filter design, it is necessary to represent positive and negative imipulse response
coctlicients as well as positive and negative signal values, and it is necessary to implement mutuphe

‘i..
;;:. . aon correctdy in all four quadrants. Although representation of positive and negative signal values can
o be accomplished in the charge domain by the use of a bias charge, (Uis More convenient 1o use wo sep-
::: arate charge packets for cach signal sample. In this case, the actual signal level can be represented
- the difference between these two charge pachets. This approach has the advantage that the zero levet s
b not required to be fixed, but can be at any levely all that is required to represent a zero signal fevet s
- that the two packets be equal to cach other. Thus, all of the signal processing clements winch e e
'.; scribed have two input charge packets for cach signal sample, and they will produce two outpul charge
- packets. The output signal saumple is represented by the difference between the charges in these outpnn
L packets without regard to their absolute vilues. Thus, these output pachets are in the exact same [or-
mat as the input packets, and can be fed into another signal processing clement directly to implement
A the cascade of the processes. A differential amplilier is required o produce the final output signal. but
O no amplitiers are needed at any intermediate point in the structure.  This representation provides the
X additional benefit of rejecting common mode interference at the output such as fecdthrough ol clock
T wavetorms, dark current, and other undesired signals.
-,
", Packet splitting is used to implement multiplication. Positive co-cflicients ess than unity) are im-
plemented by delivering the desired fraction of cach packel to the corresponding output packet, and
- negative coctlicients (less than unity) are implemented by delivering the selected portions to the oppo-
" site polarity output packet. Tt is easy to show that this scheme does indeed implement four quadrant
::: multiphcation correctly. (Note that a negative signal is represented by i larger negative charge packet
- and that this s delivered to the positive output when the coctlicient is negative. Thus, o negative signal
- multiphicd by a negative coeflicient results in a positive output.)
A 3.2 IMPLEMENTATION OF MATHEMATICS
:-' A general form of the difference equation that is to be implemented by the filter s,
X v A
:' Yn = 2 '41\ Y!HI\ + 2 BI\XH—I« (3.
~ A=) h=0
and the corresponding transter function for the Z-transform is
\
o Y BZ
Hezy - oA (3

RN
™M
N

h ®,

The poles of the transter function are the roots of the polynomial in the denominator, while the seros
are the roots of the numerator in Equation (3.2),

[

To keep the physical implementation simple, we restrict the coeflicients to real numbers. 1t is often
usctful to consider the denominator as a product of first and second order factors having real
coeflicients. Since the original rational transfer function can be implemented as a cascade of individual
factors or as a sum of partial fractions, it is only necessary to discuss the implementation of ong first or-

v

~ . . . . . . .
der and one second order lactor. Although the numerator can also be factored in a similar manner, it is
w usually practical to implement several zeros at once by using transversal filters of modest length. Thus,
D it will not be necessary to deal with the clementary factors in the numerator. Also, note that numerator
AU coeflicients can always be scaled such that their sum is unity, and that the only effect is a change in the
':-: overall gain. Unfortunately, the same cannot be said for the denominator. The unit term in the
® denominator of equation (3.2) came from the lelt hand side of equation (3.1), and this term sets the
AL scale tor the A7s. Furthermore, most of the desirable pole locations involve sececond order Tactors in
}: which the coeflicient of the first order term has a magnitude greater than unity. Since it is impossible
F—.‘ to implement such coeflicients in a purely charge domain design, it has long been thought that these
r“. poles cannot be implemented without resorting to devices that provide active gain,
A
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4. GENERAL APPLICATION REQUIREMENTS

The charge domain basic building block functions can be connected gust as the sections of a block
diagram of a sampled data filter are connected in order to provide for the poles and zeroes of the hlies's
transtfer function. There are limitations on the placement of the poles and zeroes due to the constrnnt
of having no gain elements in the system and ol performing only fractional multiphcations  The real
axis pole corresponds to an ¢xponential decay m the time domain, while the comples pole pan
corresponds 1o a decaying sine wave.

I'be destred transter function for a real axis pole is
HZ) A
2 TS G 4.1
/,.

and so the pole is placed at Z = «y. The Z Term in the numerator of Equation 4.1 only provides tn-
necessary delay of the output. Removal of this delay by placing a zcro at the origin (/= ) will pro-
vide a smaller CDF structure and reduce the throughput delay. The resulting difference equation is

Y(Z) = o Z "Y(Z) + A X(Z) . (4.2)

The block diagram for this function is shown in Figure 4.1. By varying «, from zero to one or zero to
minus one, the pole can be placed anywhere on the real axis within the unit circle (-1l < Z< 1) At
the split the sum of the magnitudes of the coeflicients must be less than or equal to one so the max-
imum gain is when & = 1 — lal. This gain constraint can be compensated for by proper sizing of the
adjacent circuitry. Thus implementation of a pole on the real axis is realizable within charge domain
constraints.
The transfer function of the complex pole pair is
kj kyZ7?

= (4.3)
2= 2ay: + laf+ wi)  1-2a,Z7' + (@ + w})Z7?

H(z) =

thus placing poles at Z = a; = jw,. The Z~2 term in the numerator can be removed with a second or-
der zero at the origin. The resulling difference equation is

Y(Z) = AX(Z) + 2057 "YUZ) = (af + wi)Z Y (/) 44

Its block diagram is given in Figure 4.2. In this case the sum of the required coefficient magnitudes at
the split may become greater than one even for &, = 0 for certain poic locations. The realizable pole
locations for direct charge domain implementation of a second order scction are inside of the dashed
lies of Figure 4.3. This imposes a severc limit on design flexibility since many of the desired poles are
outside of this region.

Fhe solution s to find functions which can be implemented in the charge domain which provide
poles 10 their desired locations plus some other non-desired poles. The spurious pales may be cancelled

Ki = 1—ay

)

X(2) > .
+ Y(2)

Y
\

Z-1

Freure 4.1 Recursive accumulator biock dugeram

4.1




1
X(2) —() — .
+
2a2
Z-1
” af + wg‘T
7-2

Figure 4.2.

Complex pole pair block diagram.

,ﬁ.
.
ra o @

S
LR AR

R N

T

ool

'F .
A

s %
o
.
’
13
.
Il
»
[}
[
[
»
v
-
v
2

4-2

----------

......

Y(Z)

Brgure 230 Allowable pole focations Ginside the dashed lines) with a second order section in charge
donun technology.




I
v
+
D

8§

XA

'
L)

)
2%:"

e Palh’s
U 'd
'*,"h fx{‘u

. 3
N '.‘.f't.'sl.

ot

Y v
O}
s .
w e W0
e

s e
.
¥

out with zeroes which can be placed anywhere in the 7z-plane by using a charee domain transversal filter.
One such function is

HZ) =~ o 20 (4%

The associated difference equation (assuming the addition ol an Nth order zero at the origin) s
YOZ) = haX(Z) = AZ MY (D) (40

where k; = 1-A. The block diagram of a recursive resonator which implements this function in shown
in Figure 4.4. The roots of this equation are

=AY = 12N 37
which vield N poles equally spaced around the unit circle. In polar coordinates the poles are located o
Z=uo exp iQu-1a/2N] (4 %)

For example, with & = 5, A = 0.2 and A> = 0.8, the poles are located as shown in Figure 4.5. I one s
allowed 10 freely choose N and A, poles can be pliced anywhere within the unit circle. Note that it is
impossible to build an unstable filter in the charge domain because the magnitude of the coctlicient o 1s
hmited 1o less than one by lack of gain clements in the circuit and the conservation ol charge at the
splitting junction. Normally, onc is interested only in a small number of the pole pairs produced by the
structure shown above, and the unwanted poles must be canceled by a transversal filter. When the
seroes implemented by the transversal filter are placed directly on top of the unwanted poles, the
desired transter function is obttined.

k= 1-A
X(Z) =t tf'\ l 2
A
Z—-N

Figure 4.4.  Recursive resonator block diagram.
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S. CHARGE DOMAIN RECURSIVE STRUCTURES

A structure which implements the real pole function is shown schematicatly in gure S0 The in-
pulse or unit samiple response should be o decaying exponential. T he charge packet representing o unnt
sample. Voas clocked into Section AL The cquilibration gate opens and closes feavimg 2 with a4 and
4 owith AV where

ap s Cy L Cp) AR
and
/\] = l‘“ll! = (.'/,”((‘l + (“’ (s 3'

The portion under A4 is clocked out and no new charge enters (for a unit pulse input). The cquilibra-
. . hl P . . g .

ton gate opens and closes agaim storing o7 X in B and outputting o jA V. This procedure continues e
g the required exponential decay of

LR B NP (N )
where v0a) s the output sample and # is the sample number.

A charge domain structure called a circular shift register was developed prior 1o this contract 1o real-
ize the transler function of Equation 4.6, This structure is shown schematically in Figure 3.2 Sinee
it 18 10 be a member ol a4 tamily ol devices in which signal samples are uniformiy represented as the
difference between two charge packets, it is shown with two input structures. This is a key Feature
which is missing from similar approaches devetoped by others.'™ In the figure. the positive weight
charge packets enter at the top from the left, and the negative weight charge packels enter from the left
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Figure 5.2, Circular shift register schematic showing impulse responsc.

A the bortom. Similarly, the positive weight output packets leave at the top toward the right, and the
negative werght packets Ieave toward the right at the bottom.

I our quadrant operation (e, beth positive and negative inputs and coeflicients) is implemented by
using this differentiad structure and by representing a positive signal sample by a charge packet of
ercater thin the 3% ol saturation level on the positive side and a corresponding charge packet on the
neganive side having dess than 30% amplitude, while a negative signal is represented by a positive
woerght charge packhet having less than S0% of the Tull potential well and a negative weight packet of
more than S0t amplitude. The linal output will be formed by taking the difference between the two
autput packets, Y) Y€ wiueh also provides enhanced common mode rejection. The operation
of the crcular shal't register nay best be understood by looking at its impulse response, i, tracking the
output versus e Gn clock penads) tor a single Tull-scale input pulse at the YO+ ) input at ime saim-
ple v and wah all other mpuats zero. The impulse charge packet proceeds to point A4 where it s di-
vided by o barnier splitier with o porton 1 - A proceeding into the positive output channel and the A
poriion tollowing the teedback channel The first output pulse appears with an amplitude of 1 - A
Five cyeles later the A portion has proceeded 1o point 8 where it is again split into A and 1 - A portions.
The output portion appears as - A=A} with A7 traveling back up towards point 4. Five cycles later
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Figure 5.3, Circular shift register impulse and frequency responses.

the split occurs at 4 once again with a resulting output of A2(1—A), and so on. This impulse response
(which is the inverse Z transform of Equation 4.6) is shown in Figure 5.3. Note that any periodic sig-
nal whose period matches the time needed to complete one full circle, and which changes sign during
cach half period adds onto itself as it circles around the shifl register. Thus, a sine wave with a period
equal to the number of stages around the circular shift register builds in amplitude, and the structure
also resonates at all odd multiples of this fundamental resonance. These additional harmonic reso-
nances correspond to the additional “‘unwanted™ poles. All other frequencies do not resonate and are
attenuated. The resulting frequency response is also shown in Vigure §.3.

A charge domain transversal filter can be cascaded with the circubar shilt register 1o provide zerocs
to cancel out all the higher harmonics Icaving the fundamental, or cancelling out the fundamental and
leaving one ol the harmonics. The form of a charge domain transversal ter Sor Jeaving only the fun-
damental is shown in Figure 3.4, Its impulse response is a sampled data version of one hall evele of a
decaying sine wave. When this impulse response is convolved with that of the circular shilt register,
the effect is to fill in the empty samples of Figure 5.3 with samples of the desited waveform. The im-
pulse response of this cascaded system is the sampled data decaving sine wave shown m igure 3.4,
This truly is an infinite impulse response design. The resulting frequeney response is shown in Fig-
ure S50 Note that now only the resonance at the fundamental fregquencey is apparent. all other Tregquen-
vies are attenuated. This structure is capable of implementing poles essentally anvwhere within the
untt circle ot the 7-plane, with the angles expressible as

- 2zn/m (34
where 7 and moare integers,

While this technique places poles anywhere within the unit circle, in some cases this approach, while
feasible, is not practical. Suppose for instance a complex pole pair is to be placed at angle of # = + §9°
in the z-plane. According to Equation 4.8 this requires a circular shift register with 2N = 180 stages.
The transversal filter is required to cancel out 88 unwanted poles.  In addition 1o being impractical in
terms of size and power, the pole section, even al its non-resonance frequencies provides little attenua-
tion, and thus the entire filter is only marginally better than the transversal filter alone.

A madification of the circadar shidt register concept has been discovered swiuch provides o ol
more cthicient wairy 1o place poles, with anly o shght Joss of ety A siandand circuban Shilt reeistet
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with 2N 12 stages e the Teedback Toop has N = 6 poles at angles of = (2n - 1) 30", n 1,2, .6
A standard cireular shatt register with 2.V = 14 stages places N = 7 poles at angles of ¢ = (2y 1
2537711 the circular shift register is modificd 10 include multiple feedback loops. the poles may b
placed more cffecuvely. For instance some portion **4™ may be fed back with 12 stages and some por-
ton BT ed back with 14 stages, where oF + 8 < | By varying the 4 0 B ratio the poles can be
placed anywhere on the locus of points between the 2N = 12 and 2N = 14 locations as shown in lig-
ure 30 Thus instead of requiring 180 stages of leedback and 88 cancellation zeroes. this technique
ondy requares 2N 14 stages with S cancellation zeroes 1o place a pole at v = 897, The only drawback
i that these poles can no Jonger be placed arbitrarily close 10 the unit circle even for 4 + B = |

Fhe maoditied circuar st register can also increase efficiency by simultancously placing two or
more sets ol complex pole pairs at their desired tocation rather than requiring a separate circular shift
register for cach complex pole pair. For example the addition of a portion of 2N = 22 and 2N -




-'_‘:-‘-'»'-:-‘A_\ S N T R O T e T Ry R N ey men.
s

-4.‘ -

-“-

i
) L)

3 SAMPLES

A
G FILLED

3 R AT IMPULSE

e

.- RESPONSE

-.\

\

i L ]

- \ '

h) L

3}
[y .:'h.'

-

n‘ﬂ-
N

_7\!

-

Car

e
B '.‘E

oo 0

FREQ. RESP. t
3 : Figure 5.5.  Complex pole pair impulse and trequency responses.

&S 2 stage feedback added to a nominal 2N = 12 stage circular shifl register results in the pole-zero dia-
gram of Figure 5.7. In this case one modified circular shift register can provide the three pole pairs of a
O bandpass filter centered at 1/4 of the clock, frequency. With the addition of the cancellation zeroes
plus a few stopband zeroes on the unit circle a very good bandpass characteristic with a bandwidth of
1/10 of the clock frequency can be achieved with a minimal number of CCD stages. The resulting fre-
»; quency response including cancellation zeroes is shown in Figure 5.8.

N By combining the charge domain operations of delay, multiplication, and addition, and incorporating
L structures optimized For efficiency such as the circular shift register, the moditied circular shil't register.
= and the charge domain transversal filter, a wide range of filter functions can be accomplished with oper-
- ating speed approaching that of a common CCD delay line.  Actual hlter designs which demonstrate
‘ this are described in Section 9.

.
.
SN
s,

@,
vt .

OO
<" -

’.

r.

oo

D A I I R T TR T L S R S R SR T T - o e el e W - . 3

o e g e L Lo T A e T I T AT G Y TR TR
o . - . ) » L) N,




.
.

o

N=17

.,‘-‘_‘-'.'a} o _"j_'

-

".‘l."': N

Figure 5.6.  Locus of pole locations for 2N = 12 and 2N = 14 stage modified circular shift register.

»”
a

el bl b

»

v
s

1Y

L) ..
e @

.
.

¢

a’i .I}- I.'

Faigure 5.7 Pole-zero diagram showing grouping of poles at the imaginary axis.

=

(]
L}

0N

A
e
>

AN

-.' .-. .l- -0‘ - ‘..
'..'P_n\.."_..qf_n\_nq'.l



o

lll'[rTll'llll]llIl]lll

Hdw) (dB)
-50 -40 -30 -20 -10
LISL AL LIS L L L T

-60

=70

Tt baaos e r e b abvr s br vty i ralaaas

80

20 ]l

G.1 0.2 0.3 0.4
Fr*eq (Fed

e
o
e
o

Figure 3.8, Frequency response of a bandpass filter incorporating the pole-grouping modilied circular
shift register.

R
. ‘- " ‘r .DI

®
"r’"
A

5-7

S AN R A AT
Vadar 2-'.\1_1 - ‘.A\ [ oA {4\ !‘} A‘ i':'c'_\}




LA el A/ RPN, [N N & AP A SRRy SRR LT R T
’ .. N \..\ - A 5| < ..\l 7 \ .-... w. .un ... ...n .~ ..h..?..b.t.ku-./r R RWERN -u—b. ' L s.'-- Py




"
.‘-“.'

:'j'.-' 6. PERFORMANCE CHARACTERISTICS
= 6.1 LINEARITY

' Since each of these functional building blocks {except for the equilibration structure) is structurally
-;‘,: similar to a stage of a CCD delay line, each of them meets the requirements of high speed. Further-
,.:j. . more, since each performs its function in the charge domain with coefficients that depend only on plan-
T view geomeltry, they all provide high linearity and wide dynamic range regardless of the choice of sur-
,-,_:- face or buried channel technology. The only requirement for accurate operation is efficient. unidirec-
o . tional charge transfer. The speed is limited only by the onset of efficiency loss due to insufficient time
_ for complete transfer 10 take place. This is a well studied problem in the context of conventional CCD
L delay lines, and may occur at frequencies of a few megahertz for surface channel structures with long
_:—j’. gate lengths to several hundred megahertz for buried channe! devices. Since surface channel devices
:'_-:j utitize minority carriers and buried channel devices use ‘‘majority carriers™ in a depleted region, both
L of which are strictly conserved in the transfer process, linearity is excellent in the summation opceration
- for a wide variety of conditions. For example, even with buried channel technology, when two charge
‘_ " packets are clocked into a common output reservoir the output charge packet is equal to the sum of the
_{-:; two input packets regardless of their size or minor variations in threshold voltage. The noise sources
v that affect the dynamic range are kTC noise associated with the initial sampling process at the input and
- transfer noise associated with incomplete charge transfer. This latter noise source should be negligible
t for a high transfer efficiency CCD process. The secondary effects of the charge splitting operation, e.g.,

- splitting accuracy, linearity, and threshold voltage effects, are discussed in Section 6.3.
‘ 6.2 DYNAMIC RANGE

The dynamic range of a charge domain system is limited by the maximum available potential well
depth and the various noise sources. With the assumption that ATC noise is dominant, the signal-to-
noise ratio is a4 function of the device size, the clocking voltage, and the sampling frequency. The man-
imum charge packet is

()nm\ = ('m "nm\ to. 1)
and the noise charge s
Qo = RTC)'? (6.2)

) where T is the maximum change in potential in a CCD well before the charge spills into adjacent
Eag wells. A is Boltzmann™s constant and 7 is absolute temperature. For a typical sized CCD the iput ca-
e pacitance may be
L
.. .- = . .

- Coy o= 300pm < 10um = SX10 *pbfum’ = 2.5pkF . (6.3)
e . 4 . .

. Fhus the input dynamic range is
' -~
L. ¢ . O (2.5 x 10 )(2)
190N D R T T TSI T T T T TN
Oune 1138 % 10 29300025 x 10 ')]!7?

N
.

Oy = 490 x {04 = 9448 . (0.4}

Wy
.

- . Typical values of dynamic range for charge domain devices assuming no insertion losses will he
.':-.';’ 8O-100 B depending on size. A larger device exhibits a wider dynamic range, but at the penalty of
'.-:.' higher power consumption, lower device yield, and higher splitting crrors due 1o threshold voltage vari-
) ations depending on the threshold voltage autocorrelation distance.

-':‘.' . . . . .

St Another noise sources 1o be taken into account is charge transfer noise

\' by 240N _ATIND (6.5)
A _ .

YA where Voo the surface stne densiy, 4 as the COD area per stage aond s the number ol transters
v‘\-'
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Serce the nmber ol tansbers s tepieadiy very simadl For charge dosinn devices. e ellect ol this noise
soutee s saadl o T he ALC se of the vutput charge-to-vollage conversion arcuits, bvpically o reset-
and-Hoar dilusion. can be taken out by correlianed double samphing atter amphihcauon. The Joimson
noase of the output wmphbicr can be calcudated and can be kept sniall due to the small output capar-
anee ol the CCD o The amplitier 1 noise s also edlecuvely canceelled out by the correlated double
samphing operation when these devices are operated at their typical clock frequencies of > 1 My

6.3 COEFFICIENT ACCURALY

Minoriy carnier charge-packet splitting is used in charge domain devices to implement fractional
muluplication by filter coctlicients. Since high precision cocflicients are needed tor the proper imple-
mentation ol vanous filters, it is important o determine and accurately control the factors that
milucnce the accuracy and noise of this operation,!"”

I he coneept of charge-packet splitting is to divide the charge in a CCD register into portions of the
total input charge pachet. where cach portion is manipulated independently. A simple way for pertorm-
mg this operation s 1o divide the main CCD channel into sub-channels by inserting field oxide barriers
mnto the channe! at specitic locations. The resulting charge-packets are proportional to the widths of the
channels determiuned by the barriers.

These harniers can be constructed in several different configurations. First, the shape of the leading
cdee of the barrier may be designed to be either truncated (blunt) or gradual (point edge). [n the case
ot the blunt barner, the minority charge carriers confronting the wide edge of the barrier are subject 10
uncerinty on the path they have 1o follow. Since there is a region where the carriers have no clear
chowe, and small uncontrolled potential gradients can become important, this structure does not vield a
high sphiung accuracy.  The structure with the point-edge barrier has the CCD channel pinched in by
halt” the barner width from cach side of the channel as shown in Figure 6.1. This establishes a more
ssmmetrnical configuration than the blunt edge structure, and the region where charges can be
mttuenced by uncontrolled ettects is smaller.

Fhe evistence ol transter gates and storage gates in a two phase CCD introduces two possibilities for
the docation of the barriers, 11 the leading edge of the barrier is located under the transfer gate (Fig-
ute 6 1Y the charge packet s split “on-the-fly™ or dynamically, as it is being transferred from one
storggpe gate 1o the nest one. Since the potential of the receiving reservoir is always larger than the
tanster pate region, the charge cannot “*backup’ to go around the barriers from one channe! to the
other. In s configuration the sphit ratio is determined only by the ratio of widths of the receiving
channels winch is.in turn, controlled by the position of the point edge of the barrier.

Fhe abriernate techmque called static splitting places the leading edge of the barrier under the storage
vate (hipure 620 When the charge carriers are transferred into that reservoir they are distributed uni-
lormiy across the entire arca, prior 1o being split. When the transfer gate turns on, carriers which are
focated 1o the right ol the barrier (o the right of line B— B in Figure 6.2) will be transferred to their
corresponding solated channels. The initial charge distribution, and thercfore the splitting ratio is
determmed by the ratio of arcas above and below the barricr region of Figure 6.2, Carriers initially to
the deft ot the barrier, however, will be split dynamically and the split ratio is therefore determined by a
ratio ol channel widths, Thus, both width and arca ratios must be controlled when utilizing the static
splitting technique.

In order 10 obinn o completely symmetrical clectrie field pattern at the gate where the split tikes
place. o set of dummy splitiers™ s used, along with the actual cocflicient barrier. These splitters are
placed with adentical spacigs across the channel, and are only a few stages long (Figure 6.3). The
number ol these barriers should be chosen appropriately so that the incoming charge packet is divided
mto cquat components by the set of barriers. Only one ol these components eventually becomes the
spht-oft channel, while all others are recombined after the few stages. By creating a symmetrical struc-
ture. these dummy splitters serve (o ratio ali aspects of the splitters in approximale proportion to the
ared. They compensate non-lincarities due to edge ceffects and equalize lateral forces applied to the
charge carmiers. This technigue is used both for dynamic and static splitting operations.
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Figure 6.1.  Dynamic barricr charge splitting.

Another method of achieving charge packet splitting in CCID’s is to connect the output of a CCD
register to the input of two other CCD registers as shown in Figure 6.4. In this structure, the charge
carricrs are first equilibrated among the diodes during one clock cycle, and are transferred to the poten-
tial wells of the split-off channels on the next cycle. In this case, the capacitance ratio of the inpult
diffusions determines the split ratio.

Experimental circuits have been designed and fabricated to investigate the packet splitting accuracies
for the techniques explained above. The experiments are collected into a tour-chip set which has been
fabricated using double poly-silicon gate technology, 12.5 wm gate length width 7.5 pwm separation.

To investigate the dependence of split accuracy on channel width and on cocfficient value, split ra-

tios designed tor 0.10, 0.25, 0.50, 0.75, and 0.90 are implemented in two channel widths, 250 wm and

500 wm. The circuits realizing the 0.10 and 0.90 coeflicients are also implemented with dummy

) splitters.  For the dynamic sphitting technigue these experiments are organized into (wo chips, A and B.
The designs are replicated onto chips C and 1) for the static splitting experiments.

The fill and spill”” method, utilizing an input diode with polysilicon gates for DC isolation, refer-
ence and signal input, is used for charge injection into the registers. The output of the CCID consists of
a precharge-and-float circuit and a source follower. The same outpul circuit is used Tor the two (splio)
charge packets which are obtained from the same original packe(, to chminate possible output non-
hincarities  FPhis is accomplished by having the register with the narrow channel sixocells shorter than
the adcent channel thus provaidimg o tme delay between the autputs of the two repasters

.' .' 'l‘
Y

B
v v
-

R

'% .» l.
. l.. ‘l...l s

06-3

e

>
Ty
)

o &

o




@K AN 1@

|
. ,d

A
.'I'-./

TRANSFER GATE STORAGE GATE

= e e

8
Y v, rrrreeldd
FIE
/7 9 o_oxnlﬁg
BARRIER
2222 AR5
Bl

A
SPLIT RATIO = —
Ag

Figure 6.2.  Pscudo-static barrier charge splitting.

W 7 74
]
000777/ e
BARRIER
a
W A /XA m::l:n
a
7777 / / ///
SPLIT RATIO = —5"0— - 112
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Tables 6.5 and 6.6 list the error in the coeflicients with respect 10 the measured geometries at
1.6 Mllz, for the dynamic (e ;) and static (e€,,) splitting techniques, respectively. In general it is seen
that large cocfficients are realized with higher accuracies than the small ones. This is due 1o the fact
that the small coefficient error is very sensitive (0 the presence or absence ol only a few additional
charge carriers. This is particularly important in narrow channel devices, where the size of the charge
packet is smull. The result is that split accuracy is higher in wider channel devices, especially when
small coeflicients are implemented. For example, the cocflicient 010 realized in 250 gom and S00 ym
channel widths have € ;'s of 1.76% and 2.48% respectively, wherceas the coctlicient 0.90 again realized
in the saume dimensions have €,,'s of 0.29% and 0.19"% respectively.

The dynamic charge splitting technique results in a higher coeflicient accuracy than the static split-
ting, due to the fact that in the former the coefficient is determined solely by the barrier location while
in the latter it is also a function of an area ratio. In the case of 0.25 and 0.75 coefficients with 500 um
channel widths and dynamic splitting, the €’s are 0.41% and 0.13%, while the 0.2459 and 0.7541
coeflicients which use static splitting have € ,'s of 0.79% and 0.25% respectively.

The use of dummy splitters significantly increases the coctlicient accuracy. For example in the case
of 119 dynamic split, implemented with 500 wm channel, the introduction of dummics reduces the
ctfect from 1.76% to 0,73% for the 0.10 cocflicient and from 0.19% 10 0.07% for the 0,90 cocflicient,
Blunt splitters, however, decrease the measured aceuracy. Again for a 300 g channel and a 1:3 static
split, the coeflicient error increases by about a factor ol three when the blunt rather than sharp barrier
is used. Table 6.7 lists the cocflicient accuracies Tor dynamic splitting and 300 4 channel at 1.6 and
5.4 MH7. Comparison ol these vatues with those at 73.5 Kz (Table 6.8) shows that crrors are almost
consistent up to 1.6 MH7 and they slightly micrcase al S.4 Mz,

The devices utilizing input diffusions for charge splitting do not provide as high accuracy as the oth-
ers. Since the charge is split during the on-time ol the gates next to the reeeiving diodes, the ficld ox-
ide scparating these two diffusions acts as a4 hlunt splitter. For a 300 wm channel the 0.25 and 0,75




Table 6.5
SUMMARY OF THE RESULTS FOR DYNAMIC SPLITTING

Design
Split Channel Design  Measured  Mecasured
Ratio  Width (um)  Coeff.  Geometry Signal €.
11 125.0 0.50 0.5020 0.5042 0.44%
125.0 0.50 0.4980 0.4958 0.44%
62.5 0.25 0.2545 0.2481 2.52%
1:3 187.5 0.75 0.7455 0.7419 0.86%
w/o
D’s 125.0 0.25 0.2443 0.2453 0.41%
375.0 0.75 0.7557 0.7547 0.13%
25.0 0.10 0.0926 0.0903 2.48%
1:9 225.0 0.90 0.9074 0.9100 0.29%
w/o
D’s 50.0 0.10 0.0964 0.0947 1.76%
450.0 0.90 0.9036 0.9053 0.19%
25.0 0.10 0.0926 0.0938 1.30%
1:9 225.0 0.90 0.9074 0.9062 0.13%
w.D%s
50.0 0.10 0.0964 0.0957 0.73%
450.0 0.90 0.9036 0.9042 0.07%
62.5 0.25 0.2545 0.2255 11.59%
1:3 187.5 0.75 0.7455 0.7745 3.89%
w/ln.
Diff. 125.0 0.25 0.2443 0.2401 1.72%
374.0 0.75 0.7557 0.7599 0.56%
250 0.10 0.0926 0.0665 28.19%
1:9 225.0 0.90 0.9074 0.9335 2.88%
w/ln.
Diff. 50.0 0.10 0.0964 0.0802 16.80%
450.0 0.90 0.9036 0.9198 1.79%

coellicients are realized in this case with 1.72% and 0.56% crrors which are about 2 times higher than
the corresponding values in the case of static splitting and a blunt barrier.

The coeflicient accuracies obtained in the experiments are generally high enough to build high per-
formance signal processing devices, and the major error sources can in some cases be compensated.
Comparison ol the design and physical gcometries indicate that a substantial amount of error is intro-
duced by process bias. Since physical gevmetries are determined by the field oxide layer, the lateral ox-
ide prowth and the isotropie ctehing ol the nitride layver used to define the field oxide can introduce cor-
rors mito the geometries.  The former can be compensated by calibration of this effect and predistorting
the ticld oxide mask. The latter can be minimized by using anisotropic ctehing techniques to minimize
the mtrmsie potential well nonuniformity at the edges of the channel. The so-called edge effect. is the
second error source. The dummy sphitters used (o minimize this effect appear to have made a
signdicant mprovement. Frequeney imitation of the drivers is the present limitation in very high fre-
quencey operiation. This in turn can be substantially improved with more suitable components and RE
design techmiques.
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Table 6.6
SUMMARY OF THE RESULTS FOR STATIC SPLITTING

..'.‘l.. . .‘-‘.‘ ;Y

Design
Split Channel Design Measured  Measured
Ratio  Width (um)  Coeff.  Geometry Signal €.y
1:1 125.0 0.5000 0.5020 0.4954 1.31%
125.0 0.5000 0.4980 0.5046 1.33%
62.5 0.2417 0.2464 0.2330 5.44%
1:3 187.5 0.7583 0.7536 0.7670 1.78%
w/o
D’s 125.0 0.2459 0.2405 0.2386 0.79%
375.0 0.7541 0.7595 0.7614 0.25%
25.0 0.0868 0.0792 0.0710 10.35%
1:9 225.0 0.9132 0.9208 0.9290 0.89%
w/o
D’s 50.0 0.09356 0.0898 0.0860 4.23%
450.0 0.90635 0.9102 0.9140 0.42%
25.0 0.1000 0.0927 0.0975 5.18%
1:9 225.0 0.9000 0.9074 0.9025 0.54%
w/D’s
50.0 0.1000 0.0964 0.0946 1.87%
450.0 0.9000 0.9036 0.9054 0.20%
1:3 125.0 0.2470 0.2415 0.2469 2.24%
Blunt 375.0 0.7530 0.7585 0.7531 0.71%
Table 6.7

COEFFICIENT ERRORS VS. FREQUENCY

€y at €y at

Coeff. 1.6 MHz 5.4 MHZ
0.10 1.76% 2.70%
Without 0.25 0.41% 0.98%
Dummies 0.75 0.13% 1.32%
0.90 0.19% 0.29%
With 0.10 0.73% 1.87%
Dummies 0.90 0.07% 0.20%
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Table 6.8
COEFFICIENT ERRORS AT 73.5 KHz

Design

Split Channel Design Measured Measured
Ratio Width (um) Geometry Geometry Signal €
1:1 125 0.50 0.5020 0.5029 0.18%

125 0.50 0.4980 0.4971 0.18%
1:3 62.5 0.25 0.2545 0.2429 4.56%
w/o 187.5 0.75 0.7455 0.7571 1.56%
D’s
1:3 125 0.25 0.2443 0.2412 1.27%
w/o 375 0.75 0.7557 0.7588 0.41%
D’s
1.9 25 0.10 0.0926 0.0877 5.39%
w/o
D’s 225 0.90 0.9074 0.9123 0.55%
1:9 50 0.10 0.0964 0.0933 3.22%
w/o
D’s 450 0.90 0.9036 0.9067 0.34%
1:9 25 0.10 0.0926 0.0919 0.86%
w/D’s 225 0.90 0.9074 0.9081 0.08%
1:9 50 0.10 0.0964 0.0970 0.62%
w/D’s 450 0.90 0.9036 0.9030 0.97%
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7. TESTING OF CHARGE DOMAIN DEVICES

The testing and characterization of charge domain devices can he performed cither by looking i
time domain or frequency domain analyses. Time domain is the chosen technigque for this work and o
computerized data acquisition system has been developed to analyze the results. The computer analvsis
program described in the next section is used o relate the tme domain analysis to frequency domain
results.

7.1 TESTING PHILOSOPHY

Although 1the ultimate goal in designing charge domain filters is to realize a certain frequency
response, the devices themselves are constructed as structures which manipulate charge packhet embods-
ments of samples of analog data in the time domain. Thus. the expected performance, and any deyia-
tions therefrom can best be understood by looking at the functioning of the charge domain building
blocks in the time domain when possible. In this framework inaccuracies in the impulse response can
be directly related to performance due to functions such as charge splitting errors, charge transfer
inefficiency effects, or errors in the initial design. This technique has given a deeper understanding ol
some of the error sources in certain designs and has led to the development and demonstration of im-
proved designs. It must always be understood however, that the final purpose is usually frequency
based. and as such, the importance of time domain crrors or noise must be related to frequency domain
performance. This transformation can be made using computer simulation (ools and is described fater.

Another advantage of using the impulse or pulse response data is that averaging over many cycles of
the data may be done to improve the accuracy by averaging out the noise effects. The averaging opera-
tion is uscd to test a wider dynamic range than may be available with u single sample through an
analog-to-digital (A/D) converter. If the device noise and the A/ quantization noise are uncorrelated
from sample to sample, and the signal is fully correlated, i.c., no drilt wrms, then the signal to noise
improves with the square root of the number of readings. With this technique terms such as splitting
accuracy can be measured to very high precision. Meanwhile by taking the standard deviation of these
readings. the various noise sources themselves can be analyzed.

7.2 TEST STATION DESIGN

A test station has been designed and built which allowed characterization of the charge domain de-
vices. This station consisted of two parts, the electronics to run the chip itsell and @ microcomputer
with data acquisition capabilities 1o acquire and analyzc the data. A block diagram for the driver clec-
tronics is shown in Figure 7.1. 1t consists of a voltage controlled oscillator for variable clock speeds,
some TTL circuits to generale the proper timing signals, level shifters 1o generate the MOS clocking
levels needed for the chip, and variable DC supplies for the chip. In addition there is a differential
amplifier on the output and a sample and hold device. The sampled and held output is available for ac-
quisition by the computer,

The computer includes a Z-80 central processing unit, an RS-232 terminal interface, a Basic inter-
preter in ROM with additional ROM for the Basic analysis programs and the operating system software.
The computer also contains program RAM plus 16K of RAM storage for the data. A CRT or printer
terminal can be connected for input/output. A custom A/D conversion board has been built for the
system. This board allowed acquisition of the data with 12 bits of accuracy at rates up to 1| MHz. This
board included the necessary timing for loading the data directly into the RAM storage. Oncee loaded,
the data was available for analysis by the Buasic analysis programs. One such program is listed in Appen-
dix 1. This program is uscd to print out the time samples ol an impulse or pulse response of a filter
section (see Figure 7.2). The decaying sine wave impulse response can be noted starting at data point
11 Averaging of up 1o 100 readings (# READS parameter) can be used 10 improve the accuracy of
these readings. The standard deviation of these readings is also printed out (o give a measure of the
noise on the readings and also 1o assure that the device noise is larger than the A/D quantization error.
Tins 100l proves 1o be quite valuable for mcasuring cocfliciont accrracy - svstem noise, and  transter
clhorency Dypacal measotement resalts e piven i Section Y
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Typical Output

Z80-Monitor
>B

# Reads, # Displayed”? 4,32

Data Output Noise Qutput Noisc
Point # Volts #Volts Maxout=1 Maxout =1
1 —6.10352E-04  1.72634E-03  —1.115451:-03  3.15497E-03
2 —3.05176E-04  1.49505E-03  —S5.57725E-04  2.73228E-03
3 —1.2207E-03 3.07204E-03  —2.2809E-03 5.6143E-03
4 0 2.11432E-03 0 3.8640E-03
5 —9.15527E-04  3.62804E-03 —1.67317E-03  6.63044E-03
6 —9.15527E-04 1.79683E-03 —1.67317E-03  3.28379E-03
7 —3.05176E-24  2.49175E-03 —5.57725E-04 4.5538E-03
8 —1.2207E-03 2.90586E-03  —2.2309E-03 5.3106E-03
9 0 2.11432E-03 0 3.86403E-03
19 —3.05176E-04 2.28373E-03 -—5.57725E-04 4.17363E-03
11 115356 2.63702E-03 .21082 4.81929E-03
12 279236 0.72958E-03 510318 4.98844E-03
13 426941 2.33747E-03 180257 4.27185E-03
14 518188 9.967E-04 947016 1.82152E-03
15 54718 1.22L0O7E-03 1 2.2309E-03
16 515442 2.11432E-03 941997 3.86403E-03
17 .440674 1.57592E-03 .805354 2.88008E-03
I8 338135 2.90586E-03 617959 5.3106E-03
19 .239868 2.63702E-03 438372 4.81929E-03
20 146179 3.48845E-03 26715 6.37532E-03
21 0726318 1.9934E-03 .132738 3.64304E-03
22 0177002 1.40955E-03 .032348 2.57602E-03
23 —.0146484 2.5411E-03 —.0267708 4.64398E-03
24 —.0292969 2.90586E-03 —.0535416 5.3106E-03
25 —.0299072 1.72634E-03  —0.DD54657 3.15497E-03
26 —.0213623 3.30568E-03 —.0390407 6.0413E-03
27 —.0128174 1.72634E-03 —.0234244 3.15497E-03
28 —9.15527E-04  3.48845E-03 —1.67317E-03  6.37532E-03
29 7.01904E-03  2.28373E-03 128277 4.17363E-03
30 .012207 2.11432E-03 .022309 3.86403E-03
31 015564 3.34303E-03 028444 6.19057E-03
32 0152588 9.967E-04 .0278862 1.82152E-03

RETAKE DATA (Y OR N)? N

REPEAT CALCULATION (Y OR N)? N

0K

Figure 7.2.

Measured impulse response of charge domain low pass filter.
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8. COMPUTER SIMULATIONS TOOLS

Once the time domain data s taken, it is uselul 1o compare the experimental data with the design
data. When the application involves Bitering, the specttications are asually given m terms ol frequency
response.  Thercfore computer tools are required to convert the time donunnm dita into the frequenay
domain so that the experimental frequencey response may be determined and compared with the desired
response. Computer ools are also required when undertaking the design of a new tilter. The proper
placement of poles and seroes within the constrinnts imposed by charge domam technology can be ac-
complished through simulation. From these simulations it can be determined whether a filier design s
practical witihv charge domain technology.

The computer program “DSP™ has been written (o address these neads A disting s given in Ap-
pendix 2. 1t consists of a number of FORTRAN 66 subroutines written on o Honeywell 6000 niin-
frame computer. The routines cover functions used for digital Cor discrete time) signal processing s
well as printing and plotting routines for visualizing the outputs. The signal processing routines inclide
routines like ZPOLR which tinds the roots of a polynomial, PZIMP which calculates the impulse
response from the pole-zero locations, FREQPZ which converts zero locations stated as tractions of the
clocking frequency o Z-plane zero locations, PZ which calculates the frequency response from the pole
and zero locations, and subroutine COLEF which calculates the frequency response from rhe numerator
and denominator coetlicients of a transter function. Other routines include FEFT which performs a fast
Fourier transform for converting between time and frequency domain results, MAG which converts a
complex frequency response into magnitude Uincar and dB) and phase informaton, and SAMPLE
which multiplies the frequency response data by the sin(x}/x response ol a data sampler. Printing rou-
tines include PRNTIMP, PRNTFREQ, and PRNTPZ for impulse response. frequency response and
pole-zero information respectively, as well as PZMINMAX which prints out the local minimums and
maximums ol frequency response curves. The plotting routines are PLTIMP, PLTMAG, PLTPHASYE,
and PLTPZ for impulse response, magnitude and phase and peie-zero plots. The subroutine PLT is the
general purpose X-Y plotting routine called by PLTIMP, PLTMAG, and PLTPHASE. These routines
call subroutines of Hewlett-Packard’s PLOT21 plotting package which interfaces with TIPS 7221A pen
plotter.

With the availability of these routines, a simple program. such as the one listed in Appendix 3 and
excerpted in Figure 8.1, is all that is required to design a charge domain filter. The listed program was
uscd to design the 8 pole bandpass filter which has been designed under this contract. There is one
section for cach of the four pairs of complex conjugate poles, and one section for the cancellation
zeroes.  Each section may be analyzed by itsclf or in combimation with any or all of the various other
scctions. For each of the pole sections the polynomial coeflicicnts must be specificd. These correspond
directly 1o the splitting coeflicients where the polynomial subscript Gactually the exponent of /)
corresponds to the number of stages in the feedback loop. For the bandpass filter design described in
Section 9, the # = 917 poles use a charge domain stage which implements the function

HCZ) = 1/(L+ 6Z B+ 3217 (5.1
The required polynomial cocflicients for the program are PCOEF(1) = 1, PCOEF(13) = 6, and
PCOFFE(18) = .3. The corresponding charge domain stage has a feedback portion = .6 with N = 14
CCD stages of defay. another feedback portion = .3 with vV = 17 stages, and the remaining portion =

1 osent direetly 1o the stage output. The DSP program produces pole-zero. frequencey response, and
time domain plots. as well as printouts of pole and zero locations and filter coctlicients. Examples of
these plois and printouts are displayed throughout Section 9. The feedback coctlicients and the number
ot stuges in the Teedback loop may be varied and the effect on the response can be visualized in the
pote-zero and Trequency response plots. Thus, cach of the pole sections can be optimized under the
charge domain constraints.

Once the remaining poles have been placed to shape the passhand, the cancellation zeroes can be
placed 1o cance! oun the spurions poles. This is done by placing the transversal fitter zeroes on the unit
aincle st the Brequencies of the spunons poles Fhas s demonsiiaded e the hstige of Porave 81T where
the oo Tacatons are specthed as postions an the it cacle as o fraction ol the distanee atonnd the
umt cndte e s traciton of the clocking trequencey). Fmally . the overadl frequency response and
polc sero plots of the Bler desien can he displaved and compared with the lilter spectfications,
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(‘*****‘ti’i**#‘*#**!#lﬁ#lll*t‘#t#"“#\i“*"#‘il#‘

¢
10 print ™, *°
print *, "91 DEG POLES’
NPOLE=17
DO 12 1=1,NPOLE+1
12 PCOEF(D=0.
PCOEF(1)=1.
PCOEF(15)=.6
PCOEF(18)=.3
KLAB=30
CALL CALCPOLE
DO 14 1=1,N
14 G =GWM*H)
C

(“*#*#********#*’I**tt*llit##tt###l“t#i'!*“‘#‘*t‘#

C*****************t***********#l*#*****#i*i*‘t

C 40 print*’°
print *,*ZEROS’
NPOLE=0
NFREQ=6
DATA (ZFREQ(D),1=1,6) /.0325,.108,.180,.320,.392,.4675/
KLAB=20
CALL CAL CZERO
DO 46 I=1,N

46 G =GM*H(D
C

C*****##*#****t******#**ti‘##*tli####*##l*#*‘#

Figure 8.1, Partial listing of bandpass filter design program.

Ihis program has been invaluable in the development of design methodologics for charge domain
devices. and in analysis of their experimental performance. The program has recently been upgraded 1o
FORTRAN 77 on a Digital Equipment Corporation VAX 117782 computer. The plotting routines have
also been enhanced with such features as windowing and curve smoothing and allow plotting on Tek-
tronix graphics terminals as well as Hewlett-Packard pen plotters.  Thus, quick visual feedback is avail-
able on o CRT terminal. with hard copy plotting once the design has been confirmed.
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9. CHARGE DOMAIN FILTER EXPERIMENTAL RESULTS

The second goal of the contract as tisted i Section 1, was the design and Cabrication of i test veli-
cle filter which demonstrates the unigue capabilities ol the charge domain approach. Before emibarking
on the design of a test vehicle filter, an analvsis of an cexisting charge donun lowpass filicr chip
CTCDEFRT was undertaken. These results ted o a decision that a redesign ol the low pass charge domam
lilter would provide Turther insight into design considerations. This redesigned chip entitled CDE2L en-
hibited much improved performance over our carlier design. Following tns accomplishment, the
design of a high performance bandpass lilter was attempted. This exereise led 1o a thorough under-
standing of the design tradeofts which optimize charge donuin filter designs. Ao 8-pole narrowband
filter was chosen us the test vehicle, because ity simulated performance was unachicvable with altera-
tive technologies.  The design was implemented in silicon and the resulting chips entitled ¢CDES
demonstrated a frequency response which matched the simulations very closcely.

9.1 CHARGE DOMAIN LOW PASS FILTER
9.1.1 First results — CDFI

The design concepts described in Section 2 have been utilized in the design of the first three pole
charge domain filter CDEFL A Butterworth fow pass filter has been chosen Tor simplicity of design
while stll demonstrating the charge domain concepts of charge sphiting, cquilibration, feedback and
cascading of sections. The design requires a recursive accumulator to implement the real axis pole and
the complex pole pair is implemented by a circular shift register in combination with a cascaded
transversal filter 1o provide the cancellation zeroes. The chip has been laved out and fabricated in the
G processing facility in Schenectady, NY.

A photomicrograph of the chip is shown in Figure 9.1. The chip contains two till-and-spill input
sections (positive and negative inputs), two recursive accumulators to implement the real pole, a
l6-stage recursive loop to provide the 8 poles around the unit circle, two 7-stage transversal filters 1o
cancel out 6 of those 8 poles, and two output sections (positive and negative output). The device has
been processed it 7.5 wen p-channel! technology (12,5 gm long storage gates with 7.5 gom long transter
gatest. The chip size is 55 x 88 mil” including the large area used for bonding pads. Chip power is less
than 10 mW at a 1 MH7 clock frequency. A pseudo-one phase clocking scheme iy used to move the
charge packets and 10 g wide thick oxide barricrs (narrowed 1o a point) are used to split the charge
packets.

A number of test devices are included in the mask set so that cach of the subsections of the filter
can be tested individually. The time response of several of these subsections is shown in Figure 9.2.
Figure 9.2a shows the impulse response of the transversal filier atone. This is a finite impulse response
filter with 7 non-zero values as can be seen from the Figure. When the circular shilt register is includ-
ed, the response continues as a decaying sine wave for an infinite number of cyeles as shown in
Figurc 9.2b and 9.2¢. The impulse response of the real pole section ol Figure 9.2d is seen 1o be the ex-
pected decaying exponential. The impulse response of the entire fitter is shown in Figure 9.2¢.

These time domain responses have been analyzed in detail by the computer data acquisition system
described in Section 7 and the simulation tools described in Scection 8. "This analysts enables a number
of design problems to be isolated. While the device demonstrates the feasibility of the charge domain
approach, these problems limits its performance in several ways.

A design error causes the feedback coeflicient for the recursive loop to be too small, thus giving in-
complete cancellation of the excess poles by the zeroes. Even when this error is taken into account,
the measured feedback coetlicient is in error and showed poor lincarity. This problem is caused by the
cquilibration splitting technique itselt. Whenever equilibration splitting is (o he used {either gated or
non-wated) great care must be taken 1o properly ratio all signilicant splitting parameters, namely storage
arce ovide capacttances, storage arci diffosion capacitances, channel widths, and gate arca itselt This

topic s be descrbed momore detad e the section on fitter cedesipn

he cunge donion teanssyeesal Tilter has been analvzed o pocat detaed ) and the resulis are listed

Pable 98 Frrors 1t the actiad response are on the order ot 1% when compared to the design values
However when the geometricalty measured cocflicients are compared (o the clectrically. measured
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Figure 9.1.  CDFI photo micrograph.

coeflicients, the agreement is much closer. The discrepancy between the designed and the actual chan-
nel widths is due to geometry alterations which occur during device processing. This error has been re-
duced in subsequent devices by predistorting the mask design to compensate for this effect. With this
compensation and other improvements described in Section 6.3, the dynamic charge splitting technique
provides a very accurate and linear means for determining coefficients.

Fhe configuration of the real pole (Figure 9.4) section causes a number of problems. In this ap-
proach o charge packet enters storage arca A. The cquilibration gate is turned on causing the surface
potential of storage arcas A and B to cquilibrate. When the gate is turned off the charge should be split
n the same ratio as the arcas. Unfortunately the charge under the equilibration gate does not split by
the proper ratio as the gate is turned off but usually splits closer to a 1:1 ratio because of the charge
under the gate region itself. which tends to split equally as the gate is wrned ofl. This effect causes a
Fhoerror in the coeflicient of the real axis pole. A solution Tor this problem is described in the nexi
sechion,

9-2
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(e) Entire filter

. Figure 9.2. (Cont’d)
o
“ Another problem with the configuration of Figure 9.4 is the long gates of the output section C. For

)

L]

saturation charge handling capabilities the area under electrode C must equal the area under electrode
A, and since the width is confined the length is increased from 12.5 to 30 um. The transfer
inefficiency of these long stages causes the clocking speed of these devices to be limited to less than
1 MHz (Figure 9.5). This problem has also been overcome in the redesign. It is noted that the lateral

l.}

L s gt
3
. \"-" .
LR

:;L equilibration using metallized diffusions was very fast and does not provide any speed limitation for
-0 these devices.
> - -
-tf Finally it is noted that harmonic distortion is quite low —55 to —60 dB due to using differential (pos-
[~ itive and negative) signal processing (Table 9.6).
b
e 9.1.2 The Redesign — CDF2 -
.~'J'
P\ A redesign of CDF1 has been completed in order to optimize the performance of the low pass filter,
.‘ and to overcome the faults which are apparent in the operation of CDF1. The three pole Butterworth
t $ filter characteristic is improved by moving the poles to the following locations:
Y
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Table 9.3
CDF1 CHARGE SPLITTING ACCURACY RESULTS

Coeflicicnt  Design  Geomitry  Experiment
. 1 1396 1379 1382
2 .2013 2018 2002
3 2078 .2082 2079
4 1818 1814 818
S 1364 1367 1373
6 0877 .0894 0905
7 .0455 .0447 0441
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o Table 9.6
Ly HARMONIC DISTRIBUTION FOR A CLOCK FREQUENCY OF 106 F 42
L AND A SIGNAL FREQUENCY OF 1 kHz
i FOut VOu VOu VOu VOu VOut
o ’ (kHz) (mV) (mV) (mV) (mV) (mV)
1 10 100 300 1000 3000
. - 2 .0045 .004 15 32 7.8
) _-‘:".; 3 .0040 .015 .005 17 950
s 4 .0035 .008 .06 .08 30
“ - 5 .0030 .008 .005 .06 5.1
(Note: all voltages are rms values)
EnS P| = (0.714
- P, =0.778 + j0.332
VA Py =0.778 — j0.332
) f: This provides an equi-ripple type frequency response with less passband attenuation, greater stopband
* attenuation and a sharper transition region (Figure 9.7).
:;:» °<L$f|||l|l|l1ll|lrer|I1l-
.
o und o
e -
amr L -
5 o ]
J ~ ol -
o [ ]
) (=]
o v o )
N ~ T .
. ol ]
o "t o3
:_{:j: [ CDF2 b
3
= -
o )
~':‘; 0- 0- 1 U. 2 0. 3 0. 4 0- 5
!, Freq (Fe)
:::::: Figure 9.7. Comparison of the frequency response of CDF1 and CDF2.
g
[ 9.7
S
-

P
]
[
hY
2
.
s
A
z
ll
[
L]
(l
4
g
/l
\f
’l
1
o
B 7
E



An attempt has been made to overcome each of the deficiencies of the previous filter with the main
goals being improved accuracy and speed performance. This device has been produced with n-channel
technology and with design rules shrunk by 20%. This yielded a 10 um storage gate length and 6 um
transfer gate length. The saturation charge capability is therefore reduced and the low frequency
transfer inefficiency increases, but the maximum clocking speed should be increased. The pseudo-one
phase clocking scheme is maintained and the thick oxide barrier width is shrunk to 8 um. A number
of design changes have been incorporated and the improvements have been successful. The finished
chip photomicrograph is shown in Figure 9.8.

This time dynamic splitting with barriers is used to determine the feedback coefficient for the recur-
sive loop, rather than the equilibration scheme used for CDF1. This leads to much improved
coefficient accuracy and linearity. The old “‘form — C” structure and new ‘*‘Figure — 8" structure ap-
proaches are compared in Figure 9.9. Mask predistortion is used and coefficient accuracy for the feed-
back coefficient (0.05% error) and the transversal filter coefficients (0.1 — 0.2%) is much improved
(see Table 9.10).

Two different techniques of overcoming the deficiencies of the real pole section (shown again in
Figure 9.11a) have been evaluated. The first one is once again a gated equilibration technique. Here,
however, the incoming charge packet is dumped into the storage area B rather than A (see

CHARGE DOMAIN FILTERS — CDF2

7 -Stage
Real Pole Transversal
Implementation Filter
Output
Fill and Spill Source
Input Follower
Output
Precharge
- Transistor
16-Stage
Recursive Loop
4 Held Back
Portion
Held A)
Back N
Portion
(a)
>
Output
Portion
Transmitted {1-4)
Portion 4
(1-0)
\ P
Equilibration -————
Gate

Figure 9.8. CDF2 photomicrograph.
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Table 9.10
CDF2 TRANSVERSAL FILTER COEFFICIENT ACCURACY

Actual 100 Kllz 29 Ml
Cocel.  Theory Size bixp. bxp.

58S 572 565 558§
909 906 915 909
1.000 1.000 1.000 1.000
911 910 916 909
.709 704 .705 121
456 A5t 458 472
.208 .202 .206 221
FB 1.204 1.207 1.200 1.209
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Figure 9,11, Recursive accumulator structures.
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Figure 9.11b). This necessitates a wider structure to accomodate the saturation signal, but it does not
incorporate any long gates and thus is much faster than the carlier approach. In addition great care has
been taken to properly ratio all capacitances and 1o properly ritio the amount ol stored charge under the
cquilibration gate as it is turned off. The resulting device shows high accuracy (0.2% error) and
operates at high speed (to > 10 MH/).

The second approach is an atempt (o use dynamic (barrier) sphitting to determine the coeflicient. A
barrier split with a single stage feedback loop is implemented as shown in Figure 9.11¢. Here. however.
lateral equilibration in front of scctionA and 2A s not instantuncous and much of the charge coming

. out of the feedback loop, 2A. stays at the 2A end and does not divide properly. Accuracy is good (1%
crror) but degrades with frequency and signal fevel. A design improvement is described later which im-
proves the accuracy and speed of this approach 1o levels similar 1o or better than the gated equilibration
technigue.

The speed limitations of the device are caused once again by transfer incflicicncey.  Trunster
inefliciency has becen measured on 128 stage CCD test devices. Results are shown in Figure 9.12 tor
both the 7.5 pwm device and a 6.0 gwm device. The 6 gm device has higher inelliciency at low frequen-
¢y since the width is also scaled down from 125 wm 10 100 g, The speed improvement is slight and
indicates that turther shrinkage and/or buried channel processing are required to attain the full potential
of the charge domain concept.

Duc to the small number of stages required for CDE2 the coeflicient accuracy holds up reasonably
well out to near 20 MHz. The test box has been modified to run up 10 35 Mz and the devices are still
functional although the accuracy degrades due to transfer inefliciency.

Besides speed and accuracy, the dynamic range is improved. Total dynamic range at 1 M1z clock
rate measures 86 dB saturation signal to RMS noise. In the linear range of operation, 80 dB is routinely

- achieved.

A 9.2 BAND PASS FILTER

Following the successful redesign of the low pass filter, a scarch has been made to find a filter func-
tion which can not conveniently be constructed with conventional technologies and pushes the limits of
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Preare 912 Charpe teanster inetlicieney vs, frequency for 6.0 micron and 7.5 miucron processes.
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9. 2.1 Filter Design Considerations

Both narrow- and wide-band multi-pole bandpass lilters have been investigated as potential test sehi-
cle tilters. The wide band tilter appears 1o be a natural candidate for the charge domain approach. since
a single moditied circular shift register can provide six of the desired poles simultancously. The fre-
quency response of such a fitter is discussed in Section 4.

While this approach yiclds an excellent filier with a very efficient design, it does not address the
generic case of filter design. A narrowband filter design, if it can be done in the charge domain. is a
better challenge to test the limits of CDF capabilitics. The task which has been attempted is the design
ol a multi-pole bundpass liltier with a bandwidth of 17100 of the clock frequency (Fe). In addition the
passband nself” should be flat and the skirts should be very steep (down >16 dB at 2/100 {¢
bundwidth) 10 simulate the requirements of a realistic FM communications system.  The sidelobes
should be attenuated more than the 40-45 dB typically achieved with conventional CCD split electrode
filters and the output dynamic range should be kept as large as possible, say 60 dB or better. Thesc
constraints turn out (0 be quite difficult to meet with (he concepts discussed thus far due to some of the
design considerations discussed below.

he mun advantage of using CDIF's s that all processing internal to the filter is performed with
charge packet manipulation. This allows filter sections to be easily cascaded 1o build up complex filter
funcuons with no overall loss in clocking speed. The drawback to this approach is that because there
are no gain elements in the structure, cach of the sections can only attenuate the signal. Thus if a
number of stages are cascaded the attenuation in the passband (insertion loss) may become quite large.
Since the dynamic range ol these devices is limited to about 80 dB at the input, this insertion loss can
severely degrade the Bilter's performance.

I hese constraints have led 1o a design methodology which should be followed with these devices.
I'he underlying philosophy is that

when sections are 10 be cascaded, the passband of

all sections should be as similar as possible and
should be designed for minimum insertion loss in

the pass band. This will optimize the overall dynamic
range.

The advantage ol this philosophy is demonstrated in Firure 9.13 which shows two approaches for im-
plementing o bandpass filter. The first is a convention.  cascade of single pole sections. In this case the
A pole attenuates in the B pole’s passhand and vice versa. Thus the overall passband has a large inscr-
tion loss. The second approach uses two sections such as a modified circular shift register cascaded with
a charge domain transversal filter, where the (wo scections have overlapping passbands. The same
overall passhand shape may be achieved with much less insertion loss, thus significantly improving the
overall dynamic range.

A second mugor advantage of the modified circular shift register can be appreciated in the context of
this design philosophy, Tor i sometimes permits more an one ol its pole pairs o be used, thereby ¢l
tmmmating the need o cascade two conflicting (requency responses. This is accomplished by starting
with a circular shift register with poles close (o ali of the desired locations, and then moving these
around by adding additonal resonant channels so that the pole locations simultancously move to the
desired places. The charge domain transversal filter is an ideal vehicle for providing many scroes at
once, and the madilicd circular shift register discussed above can be used for implementing several
poles at onee. These more genceral types of scctions have enough flexibility 1o provide the desired fre-
gqueney response, while greatly reducing the insertion loss as well as chip size and power compared 10 a
cascade of simple scetions,
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Figure 9,13, Minimizing insertion loss in charge domain lilters.

9.2.2 The Filter Design — CDF3

The choice of the narrowband bandpass filter, however, pushes beyond the limits of this approach
and leads 1o an extension ol it, namely the idea of using a partial fraction expansion as an alternative to
a cascade. '™ In order to make a narrowband filter with a (lat passband the poles must be closely
spaced. The center frequency is chosen 1o be at 1/4 ol the clock frequency which leads to clustering of
the poles around the imaginary axis (or # = 90° line) of the z-planc. This choice vields the most space-
cfficient designs while providing maximum separation of the alias band responses. According o the

cquation
H=1(2" HIO2N n=12---N (9.1}
feedback loops with ¥ = 2. 6,10, 14,18 __ _ stages of feedback result in poles located at 0 = 907 A

great deal of time has been spent trying to modily a circular shil't regisier to provide a close cluster of
poles around the imaginary axis. While this approach works quite well for the wideband filter, the nar-
rowband design calls Tor too many stages in the feedback loop 10 be practical. At this point the fallback
position is again to implement cach piir of poles hy itsell” and cascade the sections,

For a bandpass filter centered at 0 = 90" and with a bandwidth of about 36077100 = 3.6 polc pairs
should be located at approximately 897, 907 and 917, The next step s to choose the amount ol feed-
back and the number ol stages of feedback required for cach of the sections. The equation

[/ = (=g} 0y 9.0)

implies that increasing the feedback portion, «, towards its maximum value of 1 and increasing the
number of stages, V. will give poles closer to the unit circle. However, increasing the feedback portion
or increasing the number of stages of feedback leads to o larger chip size with higher power consump-
tion.  Decreasing the Q0 on the poles reduces the flatness of the passband and the steepness ol the
skirts.

In order to choose a “good™ design w feedback imit of 90% has been chosen. The number of
stages in the teedback toop becomes the parameter that can be varied to meet the performance goals.
The 907 poles can casily be implemented with N = 2, so the design of the 89 and 917 poles are under-
taken tirst, A modified circular shift reeister structure as deseribed in Sccetion 2 s used with the majori-
ool the Tecdbuck porion on N dn 2 stages where o [N with o smaller portion an the
v i 2ot 1 state, where m Vo200 and s not necessarth equal to g The total feedback

- - s
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S porbion s 907 Fhe value of ooas the nioomum winch satishies the (O tequnemicnis oo the pole e
LY .

L poeeabalitres bor g " Yo b amd Sy e plotted e Papare 2 T waith the ratio ol b Yo b !
[\~ Ilecdback vaned hrome zeto 1o one tor cach case A value ol o# 4owlnch requies A 14 has been

chosen o both the 89791 poles. The raho of N 410N 13 teedhack as chosen to place the pole
ab the desired 919 angle. When this same ratio s applicd tor the 897 pole. e the vV - 4o N I
tatio, the poele responses are not symmetric around 90°. Further fine tuning leads to the Tollowing feed-
back values:

N w,

91° poles: 14 .6

AT 17 3
.':::‘ ¥9° poles: 14 .6

- 15 .1
o5 9 2

Ihe resulung frequency response tor both of these filter sections is shown in Figure 9.15 with an ex-
panded view of the arca of interest shown in Figure 9.16.

o

e

When these two sections are cascaded the resulting frequency response is as shown in Figure 9.17.
A~ discussed carlier the cascading operation leads (o & undesirably large insertion loss, so some way

AN

'd
k,

e I
'}

Figure 9 14 T ocus of pole locations Tor various number (n) of stages in feedback loop.
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Figure 9.17. Frequency response for cascade (dashed) and paraliel (solid) connection of the 89° and
91° pole sections.

must be Tound to implement the resonances of both modified circular shift registers in a single struc-

ture.  Although there are several possibilitics Tor doing this, a relatively simple solution has been found

that proved satislactory, namely a parallel architecture which is equivalent to a partial fraction expansion

ol the transfer function. The resulting response, which is compared to the cascade response in Fig-

ure 9.17, reduces the designed-in insertion foss by 13 dB, which is enough to make this design practical.

Two 907 pole pair sections are added in order to flatien the passband and provide sideband attenua-
tion. The resulting parameters for these sections are N = 2 stages and « = .875 feedback. These sec-
tions can be combined in cascade with the 89° and 91° parallel combination since, as seen in Fig-
ure 9.19, the passhands overlap in the area of interest.

Finally the transversal filter section is added. The zeroes of this filter are placed on the unit circle
{sce Figure 9.20) to cancel the undesired poles of both of the other sections. Also, by placing the
seroes symmetrically around the # = 90° line, every other coefficient of the transversal filter becomes
sero. Vhe frequencey responses ol this section (sce Figure 9.21) also has a passband which overlaps that
of the other sections and can therefore be cascaded with little additional insertion loss.

The resulting pole and zero locations are shown in Figure 9.22 and are listed in Table 9.23 with the
overall frequency response shown in Figure 9.24. Figure 9.25 gives an expanded view of the passband.
The original design goals have been met and the resulting filter, if it can be fabricated, promises im-
pressive performance. The passband is flat 1o 1 dB over 1/120 Fe, the 3 dB bandwidth is 1/100 Fc, the
response drops off by 18 dB at 2/100 Fc, and by 60 dB at 5/100 Fc. The overall insertion loss is only
12 dB so that with an inpul dynamic range of 80 dB, the output stopband noise floor is —68 dB with
respect to the passband.

It can be seen from this design exercise that (he computer design tools are invaluable, not only in
design optimization, but in the development of the design methodology.
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A
\\-_(.- Table 9.23
N '; POLE AND ZERO LOCATIONS FOR THE BANDPASS FILTER DESIGN
‘ l
'\, run cdf4
e Output file name: cdf4
= 91 DEG POLES
B do you want to include this? y
e
. POLE LOCATIONS ‘
N # REAL IMAG RADIUS ANGLE FREQ (FC)
A ! ~0.4352 08922 09927  116.0035 0.3222
:::‘. : 3 0.9684 0.2058 0.9900 11.9956 0.0333
e .' 6 0.3621 0.8328 0.9081 55.5990 0.1847
= 1 —0.9086 0.2511 0.9427 164.5505 0.4571
(. 9 —0.7544 0.6327 0.9846 140.0152 0.3889
_\}.\. 11 0.7766 0.5688 0.9626 36.2207 0.1006
e 13 -0.0328 0.9752  0.9758 91.9235 0.2553
::;: 15 0.4141 0.5807 0.7968 58.6873 0.1630
N 17 —0.7804 0.0000 0.7804 0.0000 0.0000
T 18 0.0000 0.0000 0.0000 90.0000 0.2500
T Do you want to plot this?
\ J:\‘_‘
3 89 DEG POLES
‘i: Do you want to include this? y
a
‘- ?
. POLE LOCATIONS
e # REAL IMAG RADIUS ANGLE FREQ (FC)
P
Sed 1 0.4245  0.8894  0.9855 64.4847 0.1791
3 —0.9205 0.2492 0.9537 164.8539 0.4579
'\"’ 5 0.0327 0.9761 0.9766 88.0830 0.2447
D) 7 0.9661 0.2026  0.9871 11.8447 0.0329
9 —0.7642 0.6110  0.9785 141.3573 0.3927
I 11 -0.4212 0.8293 0.9301 116.9281 0.3248
o 13 0.6255 0.4733 0.7844 37.1122 0.1031
v 15 —0.2680 0.7675 0.8129 109.2451 0.3035
_t, 17 0.7351 0.5848 0.9393 38.5023 0.1070
[ 19 —0.8198 0.0000 0.8198 0.0000 0.0000
Ok 20 0.0000 0.0000 0.0000 90.0000 0.2500
t:.:_;’:: Do you want to plot this?
H 90 DEG POLES
_5-"'1 Do you want to include this? y
[+ POLE LOCATIONS
b -
t’_.:-:. # REAL IMAG RADIUS ANGLE FREQ (FC)
R ! 0.0000 09354 09354  90.0000 0.2500
};‘ ' 2 0.0000 0.9354 0.9354 -90.0000 --{).2500
ThadC . is?
;_:’: Do you want to plot this
-y 90 DEG POLES
5::::.
o 9-19
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Table 9.23 (Cont’d)
POLE AND ZERO LOCATIONS FOR THE BANDPASS FILTER DESIGN

Do you want to include this? y

POLE LOCATIONS

# REAL IMAG RADIUS ANGLE FREQ (FC)
1 0.0000 0.9354 0.9354 90.000 0.2500
2 0.0000 -0.9354 0.9354 —90.0000 -0.2500

Do you want to plot this?

ZERO LOCATIONS

# REAL IMAG RADIUS ANGLE FREQ (FC)
| 0.9792 0.2028 1.0000 11.7000 0.0325
3 0.7785 0.6277 1.0000 38.8800 0.1080
5 0.4258 0.9048 1.0000 64.80000 0.1800
7 —0.4258 0.9048 1.0000 115.2000 0.3200
9 —0.7785 0.6277 1.0000 141.1200 0.3920
t -0.9792 0.2028 1.0000 168.3000 0.4675

Do you want to plot this?

POLYNOMIAL COEFFICIENTS:

/"0 COEF = 1.00000
/**1t COEF = 0.00000
Z**2  COEF = 0.98468
7**3  COEF = 0.00000
7’4 COEF = 0.89773
Z**5  COEF = 0.00000
/**6 COEF = 0.97715
/**7  COLF = 0.00001
/8  COEF = 0.89774
279 COEF = 0.00000
2*10 COEF = 0.98467
/**1l1  COEF = 0.00000
7’12 COEF = 1.00000

TOTAL RESPONSE
Do you want to plot this?

9.2.3 Chip Design and Experimental Results

The design and layvout of the integrated circuit chip which implemented the above design is the next
sk, All of the internal sections of the filter have been defined. The remaining design questions in-
clude the signal input 1o the chip, (the voltage-to-charge conversion) the output charge-to-voltage
conversion. and the connection of the various sections.

The input section uses the fill-and-spill technique. The fill operation is shown if Figure 9.26b with
the cxcess charge spilled out in Figure 9.26¢ leaving a charge packet whose size depends on the
difference in voltage between the reference and input electrode. This charge packet is then available
for clocking into the first standard pseudo-one phase stage (Figure 9.26a).
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A reset-and-float diffusion is used as an output circuit with a two stage source follower to drive off-
chip clectronies or scope probe capacitance. The schematic is shown in Figure 9.27.

The usual technigue of connecting isolated sections of a CCD chip, namely using a diffusion at the
mpuls and outputs ol the subsections connected (ogether with a metal line, gives errors in the real pole
section of CDE2. These errors are caused by a lack ol lateral equilibration of the charge packet prior to
the harrier splitting operation. For g pseudo one phase CCD clocking scheme there are two DC gates,
transfer gate and a storage gate. Either or both ol these may be sliced into two halves in the direction
perpendicular to charge low in the channel, and a dilTused n-type region may be placed in between the
;: two halves in order to enhance the laterial equilibration speed. The diffusion may alse have a metal
overlaying it 1o further enhance this speed. This is shown in Figure 9.28 where both the DC transter
and DO storage gates are spht.. A metahzed diffusion may also be placed between the transfer and
storage gates, without signilicantly degrading the transter speed. The metallized diffusion can actually
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be two diffused areas connected by the metal, as is done in turnarounds, cle. In previous designs such
as CDF2 a single metallized diffusion is used as the interconnection of non-adjacent channels as well as
a mechanism tor high speed lateral equilibration. This causes the ::edback coeflicient to be in error.
The new structure which splits both the transfer and storage electrodes separites the functions of
. connection and lateral cquitibration. The connection function is performed by the split transfer elec-
trode. The charge then spills into the split storage celectrode so that even if all of the charge s
transterred 1o one end of the storage electrode, once there it will equilibrate along its whole length be-
fore bemg transterred on o the nest stage where barnier splitting occurs. This tvpe ol interconnect
avoids the worries of balancing capacitance and minimizing resistance. This technique is used tor con-
necting all the sections o the bandpass filier, In addition this stracture has been ested as aonew imple
mentation ol the COE Y veal pols wabh baroer splatmg aoud Sonple stape Tecdback Ceo Dapane 029 | he
accnry ol e el pole cocthiornt e proved Trom 3% cror toac 00 ciron ad shoswes no siprohieand
Hoctaation sl ias fevel on ddock speed Gap o the houts iaposed by panster neflicieney )
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Figure .28 CCD structure for enhancing lateral equilibration.

The chip CDE3 has been layed out according (o the design considerations discussed above. The
chip (Figure 9.30) has been processed with the 6 g m design rule n-channel process as used for CDF2.
An additional test chip is included to allow testing of the individual filter sections. The test chip demon-
strates proper operation ol cach ol the sections individually, verifying operation ol the modified circular
shift register as well as the new mcthod of interconnecting filter sections. The impulse response mea-
surements again show accuracy to about 0.2% and the frequency response as measured on a spectrum
analy zer agrees with the simulation to better than 0.5 dB from DC up to the Nyquist frequency.

Fhe overald tilier, however, does not operate. The problem is due 1o inadequate handling of the
biias charge. While the carly stages may atltenuate the signal charge level, the bias charge is not at-
tenwated. Later stages must be built to handle the entire 50% of full well (FW) bias charge of the input
stage. The overall charge level at the output is

Oon = S EFW + (5 x SAT)
where SAL s the signal attennation factor in the passband.

The circuit has been redesigned as CDF4 with several improvements. The chip photo is shown in
Figure 9.31. The design has been converted to 4 um design rules which gate a transfer gate length of
4 pm and storage gale length of 9 wm versus 6 and 10 wm for CDF3. The stages which give no inser-
tion loss (the transversal filter and 907 pole sections) are moved 1o the front end in order to improve
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“ Figure 9.31. CDF4 bandpass fiiter photomicrograph.
,_, their accuracy. With this placement scheme, the device handles a greater ratio of signal charge to bias
\:: charge, and bias charge variations are not as critical. The input is made directly into the transversal
L filter section. The channel width is 320 wm, which is the minimum channel width which gives good ac-
<
A N

v curacy in the splitting operation. The next section is a 90° pole pair section. The overall channel width
2 is 1280 wm with a feedback coefficient of 0.875. The steady state bias handling channel has a width of

:.-:: (0.125) 1280 wm = 160 wm. Thus interposed between the transversal filter section and the 90° pole
- section is a section which divides the packet into two halves and throws one half away. Following the
3-:‘_ first 90° pole section is a second 90° pole section. [ts output is split in halves with one half directed to
-.::-. the 89° pole section and the other half connected to the 91° pole section. The channel widths of these
e two sections are 800 um with a total feedback coefficient of 0.9. The bias handling channel is
L d 0.1(800) = 80 um wide. These two sections have cross-connected inputs to provide the subtraction
‘..‘ operation. The oulputs are summed together and fed to the output amplifier, a reset-and-float structure
e with a two stage source follower.
o These redesigned chips have been fabricated in General Electric’s Corporate Research and
_'::-f Development’s semiconductor processing facility. The frequency response of the CDF4 chips as mea-
& sured on an HP8553A spectrum analyzer is shown in Figure 9.32. Figure 9.33 compares this response
o to the simulation. The agreement is excellent, with errors less than 1.0 dB outside the noise limited re-
b gime. The limit on stopband attenuation of 65 dB is set by device noise rather than by coefficient accu-
{' racy. Measured insertion loss is 12.0 dB versus the 12.1 dB predicted. An expanded view of the
;,.:-: passband (Figure 9.34) shows good agreement between experimental and theoretical. The experimental
- < results show some extra peaking in the 89° pole compared to the 91° pole. This is caused by a uneven
‘ division of the charge which is sent to the 89° and 91° pole sections. Figure 9.35 shows the effect of a
0.5% error in the division into two halves. A redesigned chip should make this split separately from the
e 1/8 — 7/8 split used for the 90° pole in order to make the 50% split completely symmetric.
- '_}
Y
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"4
_' ':f The demonstration of this filter dramatically shows the unique capabilities of charge domain devices

e for monolithic signal processing. In addition to demonstrating exceptional frequency response charac-
teristics, this filter verified our simulation tools as well as our capability to determine, in advance, the
filter characteristics which can be achieved with the charge domain technique.
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-3 10. PROGRAMMABLE CDFS

::'-: The filters described in the previous section show good performance, but are limited in their flexibil-

Ty ity or adaptability since their coefficients and configurations are fixed in their design. It is desirable in

‘., " many cases to electrically program the filter coefficients or change the filter response after it has been
o0 fabricated. A number of techniques have been investigated in order to achieve this goal. Programma-

::-: ble test devices have been fabricated along with the CDF3 and CDF4 filters (see Figure 10.1a). The

) evaluation of these devices proves that the concepts work as expected. It now appears practical to make

::.: a filter which combines the benefits of charge domain signal processing with the flexibility of electrically

. programming the coefficients. This accomplishment coupled with recent developments in microcom-
puters and microcontrollers opens up a new realm of possible applications for charge domain signal pro-

‘::: cessing chips.
sl
3':3 10.1 ALTERNATE PROGRAMMABILITY TECHNIQUES
. . There are several degrees of programmability which can be incorporated in a CDF design, and in
¥ general the more flexible approaches are more costly in terms of chip size, speed, or complexity. The
X lowest degree of programmability is inherent in any clocked CDF design. The absolute frequency
A response can be altered just by changing the clocking frequency. A bandpass filter can shift its center
3:3-' frequency in proportion to the clock frequency. The bandwidth, however, also scales with the clock
$ frequency. For some communications systems, where the tuning range is small, this degree of flexibility
o may be adequate.
o
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: $ Figure 10.1a. Charge domain chips including CDF3 filter and PCDF programmable test chips.
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The next step up in flexibility is to have a fixed band shape but have independently variable center
frequency and bandwidth. An approach which implements this function is the N-path filter shown
schematically in Figure 10.2. The commutator at the input demodulates the desired incoming signal
frequency down to baseband samples and the commutation speed determines the center frequency.
The baseband samples pass through a bank of parallel low pass charge domain filters. The clocking fre-
quency of these filters is used to program the bandwidth. The output of these filters can be synchro-
nously modulated up to the original frequency if desired. Alternatively the baseband signals may be
used as outputs. When the number of parallel filters is 4, the baseband signals can be combined to give
the in phase (I) and quadrature (Q) outputs directly. This technique has been analyzed to some extent,
but most of the efforts in this area have been directed at the next tier of programmability.

The next level up in the programmability chain is the capability of altering the coefficients electrical-
ly, but not changing the architecture. The first task is to define programmable charge splitter struc-
tures. Three basic structures have been invented and evaluated experimentally. The first is an in-place
sequential charge splitter. This approach uses a gated equilibration splitting scheme similar to that used
successfully in CDF2. A digital shift register supplies the coefficients, most significant bit (MSB) first.

—
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Figure 10.1b. PCDF1A = in-phase sequential splitter
PCDFI1IB = four stage pipe organ filter using sequential splitters.
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A schematic diagram of this technique is shown in Figure 10.3. The charge packet is introduced into
potential well under the A gate. Meanwhile the B well is empty. At this time the equilibration gate is
opened and closed leaving half of the charge packet under A and half under B (note that a splitting ra-
tio of 0.5 simplifies the balancing of the charge splitting mechanism). At this point either the C or D
gate is turned on depending on the (MSB), and the 1/2 charge packet is transferred to the E or F accu-
mulator well. Now the A well contains 1/2 the input packet and the B well is empty. The equilibration
gate again turns on and off leaving 1/4 of the original packet under A and 1/4 under B. The second bit
of the digital coefficient channels the 1/4 under B to the E or F accumulator. The splitting and chan-
neling continues for 1/8, 1/16, etc., for N bits where N is as many bits as is desired. After all the sig-
nal (possibly including the leftover 1/2V portion) has been channeled the output can be read out with
an overlying electrode (non-destructive readout) and the entire charge packet returned to the A/B
reservoir, or with a diode (destructive readout) and a new input sample can be introduced. This tech-
nique has the advantages of being compact in size and universal in structure with respect to the number
of bits that may be used. Its disadvantage is that the cycle time for a full multiplication is equal to the

SHID SV N PUSIILY SR VL SR

Figure 10.1c. PCDFIC
PCDFID

four stage split electrode filter using sequential splitters
flash splitter
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clock period of the splitter multiplied by the number of bits. This disadvantage is, however, ameliorat-
ed by the high inherent speed of the splitting mechanism.

One of the test devices, PCDF1A (Figure 10.1b) has been used to evaluate this technique. For this
and all other PCDF test chips the digital shift registers are off-chip although a production circuit would
include on-chip shift registers. The device is operated as a multiplying digital-to-analog converter
(MDAC) where the analog input is a DC value and the coefficients are decremented from 127 to 0 (for
a 7 bit conversion). The output shown in Figure 10.4 demonstrates excellent linearity over the entire
range, with the greatest error at the 64-63 coefficient transition. Seven to eight bits of linear operation
have been demonstrated with no degradation at splitting speeds up to 15 MHz. The number of bits is
limited by the accurate transfer of charge from the B well to the E or F wells in a short period of time.
Structural improvements can yield 9-10 bits of capability.

The second technique overcomes the speed limitations of the sequential splitter at the expense of an
increase in chip size. This is the pipelined charge splitter technique diagramed in Figure 10.5. In this
case splitting takes place unidirectionally in several stages with each stage providing one binary bit of in-
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Figure 10.1d. PCDFIE
PCDFIF

pipeline splitter
improved single stage feedback.
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creased resolution. The 4 and A accumulators are clocked in synchronism with the splitters such that
after 8 clock cycles the product result appears at the output. Due to pipelining the next result appears
one cycle later. Therefore the throughput rate of this technique is equal to the clock rate.

The third approach is a flash splitter. In this approach, shown in Figure 10.6, the channel is simulta-
neously split into portions equal to 1/2, 1/4, 1/8, ... 1/2 N and another 1/2 N times the input chan-
nel. This approach gives a full n-bit multiplication in one clock cycle. It requires a very wide structure
in order to accurately divide the charge.

Both of these concepts have been tested out experimentally. The single bit per stage device,
PCDFIE (Figure 10.1d) shows operation as expected, again with 7-8 bits of accuracy in steady state
tests. The device is operated as an MDAC with a DC analog input and varying digital coefficients. Un-
like the sequential splitter, the accuracy is much poorer than 7-8 bits if the digital coefficient changes
from one cycle to the next. This error is caused by the lack of introduction of a fat zero charge into the
running accumulators. The high transfer inefficiency results in a large error for the first output value
after a coefficient changes. Figure 10.7 shows the results for a constant DC input and eight successive
outputs (both plus and minus outputs) for a coefficient of 0, eight outputs for a coefficient of 1, and so
on up to a coefficient of 15. Note the error in the first output for each group. This problem is due to
high charge transfer inefficiency in the initially empty 4 and 4 accumulators. This problem can easily
be alleviated in future designs by adding a fat zero charge into both accumulators. The four bit flash
design PCDF1D (Figure 10.1¢) has also been evaluated. It exhibits 6-7 bits of linearity in the MDAC
mode (see Figure 10.8). The accuracy appears to be limited by cross coupling of the address lines into
the output. Careful shielding and on-chip digital shift registers should alleviate this problem. No
transfer inefficiency effects are apparent with this design.

Digital
Coefficient
] "
MSB
bit 1
A, o

—>2F'——'°'T: —
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Analog
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Analog
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Figure 10.6. Flash charge splitter schematic.
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Figure 10.7. Pipelined charge slitter operated as a four-bit MDAC.

200nV 208yS

Figure 10.8. Flash charge splitter operated as a four bit MDAC.

The optimum choice for a practical chip may be a hybrid combination of the pipeline and flash ap-
proaches. A compact, high speed 9 bit muitiplier cell may incfude three pipelined stages with three bits

of flash conversion per stage. This approach appears to be quite practical if careful shielding and proper
bias charges are utilized.

The next concern in a circuit implementation is configuration, or how should these programmable
coefficient blocks be hooked up. Two representative approaches have been tested. Figure 10.9 is a
schematic of a 4-channel pipe organ type connection''?’ such as is required for a charge domain pro-
grammable transversal filter or charge domain recursive filter section. The test circuit PCDFIB
(Figure 10.1b) is such a structure which uses sequential splitters to implement the programmable
coefficients. The output of the four channels is summed and sensed with a reset-and-float diffused
diode. Each cell operated as described previously with 7-8 bits of linearity with the output equal to the

sum of the outputs from each section. The accuracy is good although again better shielding should be
incorporated.
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The alternate circuit configuration, shown in Figure 10.10 is similar to 4 conventional CCD transver-
sal filter. In this case. a sequential splitter is used (o give a programmable tap weight. As m the con-
ventional split electrode filter. the charge is sensed non-destructively on overtving electrodes. Oncee the
charge packet is sensed, it may be transferred on 1o the next stage.  Alternatively. the charge pachket
may be retained at one site and the digital coetlicients may be shitted from one stage to the next. the
so-called moving reference structure. The first approach s included as a test chip. PCDEIC,
(Figure 10.1¢) and operates as expected, the output being the sum of the outputs of the individual
celts. The sceeond approach has some inherent advantages over this, Foste of all. charge transter
incllicieney cffects will not degrade performance since the charge packet is retained in a single cell.
Scecondly. the loading and shitting of the digital coeflicient is casier. Third, and most important. is the
ability to casily connect up many scctions and even many chips in series 1o obtain very long correlation
products or large time-bandwidth products. One such design is discussed in the next section.

10-9




- —

SHIET REGISTER

sel | | YW MSB

-y e oy — o 'l'-'llll

NGHT AL

grammable transversal filter.

SR2

» — ———— -~ —— ——

» L LSB

¢ lype pro
10-10

M MSB

SR1

Sphit ¢lectrod

LS8

ol
ul
INPUT

e A

S S — - —— T — — - ——_— ——

" ALY

N
I~
ﬁ\

o

FiLL AND
SPILL INPUT

ligure 10.10.

K1
K2

COFFHICIENGY,




":\
a7 M
o ‘
A \
‘-- v . N
11. APPLICATIONS
'._.
- This contract has addressed the understanding and development of tools Tor designing CDE'S. The
Lt next task is to find applications which could utilize charge domain devices 10 reduce svstem size, power.
e and cost and/or improve performance. Several Teatures ol CDEs which e important Loy some apph-
" cations are discussed. and then several representative applications are detailed.
11.1 FURTHER CAPABILITIES OF CDF'S
- In the drive for higher speed monolithic signal processing, several features of charge domain devices
. become particularly attractive. The first advantage which can be utilized is the gher speed and fowet
b transter inefficiency of buried chunnel device fabrication.  As discussed cartier, lincarity is maintrined
iy . - . - . . . . . . .. .
.- with buried channel CDE’s and their clocking rate is only timited by transfer cfticiencey effects.
I..Q
~a Another feature of CDE's in particular and sampled data systems in general is the use of alias band
O processing, where the incoming signal frequency is above the device clocking frequency. For instance
the bandpass filter CDF4 has its center frequency () at 1/4 of the clock frequency (F). Howeser
o frequencies of 3/4 F,.5/4 1. 7/4 F, or
P4 , : .
AN S=uF +—7, n=01,.
D-d will also be passed. In addition the sampling operation can be used to down-convert the signal to the
}',-.’, n = 0 band. Short prefilters can be used to suppress the undesired passhands.
3 11.2 APPLICATIONS EXAMPLES
One application which can use this technique is shown in Figure FL1 The primary filter which does
oh the hand shaping is the 75 stage filter which is clocked at 20 MHz. Tt has its passbands at /= 5, 15,
r.. - oy “ . . . g - .
R 25. ... MH/. The CDF4 chip can be used as this filter. Short prefilters can he added on the same chip

" to suppress those passbands at S, 1S, .. 65, 85, 95, .. . i.c., just leaving the 75 MLy passhand. The
prefiliers only require a few charge domain transversal filter stages and theretore require little power

INPUT 60 MHZ 80 MHZ ADD 40 MHZ ADD 20 MHZ
—™|PREFILTER PREFILTER PACKETS PREFILTER PACKETS [™| FILTER [*OUT

MAIN FILTER: 75 STAGES — CLOCKED AT 20 MHZ

.f\zbl'\ .ﬂdbﬂ.f\éomﬁﬂ.mﬂﬂllllﬂ

100 120

0
FIRST PREFILTER: 9 STAGES — CLOCKED AT 60 MHZ

f\. m m m N o f\ o .
0 20 40 60 80 100 120
SECOND PREFILTER: 5 STAGES — CLOCKED AT 80 MHZ

A A A LN f A i i i — A \ L0 "

0 20 40 60 80 100 120

THIRD PREFILTER 5 STAGES — CLOCKED AT 40 MHZ

b_m A A N~ A s .- 1 i :
0 20 40

60 80 100 120
° OVERALL RESPONSE - 2 MHZ BANDWIDTH AT 75 M/
L A 4 A A A A *n A A A A A 1
1) S0 40) 6H0) 80 100 120

Frgure T 75 Mz filtermg utilizing alias bands and small preliliers,
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and are aelatively ansensive 1o tanster meflicicncy. By using alias bands and prefilters o high perfor-
mince low power charge domain lilter can be made to operate at very high speeds.

Another application ol this technology is to improve performance ol conventional CCD split clee-
trode filters. The required zeroes of a transversal lilter can be divided between the charge domain sec-
ton and the split clectrode section. Such a structure is diagrammed in Figure 11.2. Oftentimes the
hilter function can be factored such that the CDFE section requires only positive cocflicients, further sim-
plilving the operation. One practical application of this technigue is to use the higher speed CDE as an
anti-alias prefilter {as in the last example) with the lower speed split electrode filter or programmable
CDF transversal hilier providing the band shaping Function.

Another application which uses the ahias band processing as well as the demodulation capabilities of
the sampling operation is an I'M communications system chip. This application has been analyzed re-
centh and a white paper describing the system was submitted in March 1983, This paper s included
here as Appendin 4

Finally a programmable charge domain device has been analyzed using the moving reference archi-
tecture with sequential splitters. One hundred stages can be incorporated on a chip. This chip can
funchon as a programmable digital-analog correlator, a programmable or adaptive finite impulse
response filter, or a pulse compression filter. Several of these chips can be cascaded for longer correla-
ton products. This chip was deseribed ina white paper report submitted January 1983 and is included
hiere as Appendix 3.

Ihis fist of applications is by no means all inclusive; it is only a suggestion of what may now be
practical with the demonstration of the capabilities of charge domain. Other application areas for which
this technotogy may be attractive include 1F filters, 2D programmable correlators and image processors,
steerable vadar or sonar beam formers, spread spectrum communication coders and decoders, video
filters. FET's matrix multipliers, D/A converiers, A/D converters or any function requiring high data
rate sampled data signal processing.

—

I L

ouT

NN
N

00g -

joooo? Lok

CHARGE DOMAIN SPLIT ELECTRODE
TRANSVERSAL FILTER CCD FILTER

Figure 1.2, CDEF/CCD hybrid device.
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12. SUMMARY

The contract effort 10 develop charge domain lilters for enhanced monolithic signal processing was
quite successful. The first goal of investigation ot the capabilitics and limitations of these devices was
addressed through studies of the charge splitting operation, studics of various specific charge manipula-
tion structures, studies of the use of poles as well as seroes Tor implementing transter functions, and
studies of techniques for placing poles and scroces in the z-planc efliciently under the constraints of the
charge domain technology.  In addition testing technigues and simulation tools were developed o ad i
the design and understanding ol operation of charge domain filters.

The second goal of the program was the actual design, favoul, and Tabrication of a mulu-pole lilwer
which would demonstrate the unique capabilitics of charge domain echnology. A narrowband bandpass
filter was investigated as the test vehicle, since it pushed beyond the Timits of what was through pract;
cal at that point. Several key discoveries permitied  this filter 1o be designed  with impresaae
specifications. The device was Tabricated and the demonstrated performance muatched the theoretical
predictions 1o a high level of accuracy. A general design mcthodology Tor CDIPs was developed and
expanded which along with the simulation tools permits application to be investigated quickly and pruc-
tical chips to be designed casily.

The final goal of the contract was the investigation of techniques which would enable a CDEF 1o be
programmed clectrically, presumably by a microcomputer in a systems application. A number of levels
of programming flexibility were investigated and some concepts were designed in silicon and tested out.
These programmable coeflicient test blocks and four stage filters successtully demonstrated the abihity o
provide 7-8 bits of digital coetlicient accuracy in the multiplication operation.  Large multi-stage chips
with 8-10 bits of accuracy appeared (o be practical.

Finally @ number of applications arcas and several specilic applications were investigated as potential
follow on programs to utilize these capabilitics. These ranged from FM filters and demodutators to low
power video filters 1o programmable 1D and 2D correlators/filters. The potential for incorporating high
performance high speed systems on i chip utilizing charge donain technology is cnormous,

12-1
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Appendix 1
TIME DOMAIN TYPE TEST PROGRAM

10 PRINT:PRINT

IS DEFIN[ A-N:DEPDBL S-T

18 GOTO 1000

20 INPUT 2WHICH PROGRAM 81=CDF2,2=7)"*N
30 ON N GOTO 1000,1000

40 GOTO 20

1000 REM

1010 REM CDF1 10/26/81

1020 REM

1030 REM THIS PROGRAM CALCULATES AND PRINTS
1040 REM THE IMPULSE RESPONSE OF CDF2
1050 REM

1060 NS=128

1070 DIM X(NS),Y(NS)

1110 INPUT “#READS, # DISPLAYED ".NR,NP
1140 SCALE=5/4096

1150 PRINT

1160 PRINT ** DATA 7 *OUTPUT".**NOISE","OUTPUT,"” NOISE ™’

1170 PRINT “POINT #*,”* VOLTS","*VOLTS”,"*MAXOUT=1""“MAXOUT=1}"
1170 PRINT ** L L L L ”

1180 MM =H4000

1183 REM GET DATA SUMS

1190 FOR I=1 TO NS

1190 M=H9000+1-1

1193 XA=0:X3=0

1200 FOR J=1 TO NR

1220 A=16*PEE< (M) +PEEK(M +MM)
1222 XA=XA+A

1224 XB=BB+Z7Z*A

1225 4=M+NS§

1230 NEXT

1240 X(I) =SCALE*XA/NR

1241 SD=(XB-XA*XA/NR)/(NR-1)
1242 Y(I' =SCALE*SQR(ABS(SD))

1243 OUT 4.1

1250 NEXT

1255 REM SUBTRACT ZERO AND FIND MAX
1260 SX=0:A=0

1270 FOR 1=3*NX/4+1 TO NS

1280 SX=SX*X{1)

1290 NEXT
1300 SX =8X/(NS/4)
1310 FOR I=1 TO NO

1320 Z(1) =X (1)-SX
1340 IF ABS(X(D))>YM THEN YM=ABS(X(I))
1350 NEXT

1360 IF YZ=0 THEN YM =100

1370 FOR 1=1 TO NP

1380 PRINT 1. < (). Y(D) XN/ YMY(D/YM
1390 NEXT

1390 PRINT

1390 AS="Y"":BS="Y"

--------
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Appendix 2
DIGITAL SIGNAL PROCESSNG ROUTINES

C DSP 4/11/83

C

C THIS PROGRAM CALCULATES AND PRINTS AND/OR PLOTS
C THE IMPULSE RESPONSE . FREQUENCY RESPONSE.AND
C POLE-ZERO LOCATIONS FOR A CDF

C GIVEN THE POLE-ZERO LOCATIONS OR

C THE TRANSFER FUNCTION H(Z)

C

C SUBROUTINE LOCATIONS:

C IMSL SBR-ZPOLR(COEF ,NDEG,ROOTS.IER)

C 1500 SBR-PZIMP(ZERO,NZERO)

C 1800 SBR-FREQPZ{(ZFREQ,NFREQ,ZERO,NZERO)

C 2000 SBR-PZ(POLE,NPOLE,ZERO,NZERO,PCOEF N .H)

C 2500 SBR-COEF(PCOEF ,NPOLE,ZCOEF ,NZERO,N, )

C 3000 SBR-MAG(X,XMAG,XMAGDB.PHI,N)

C 3500 SBR-SAMPLE(XMAG,XMAGDB,PHI,N)

C 4000 SBR-FFT(X,N)

C 4500 SBR-PZMINMAX(POLE,NPOLE,ZERO,NZERO,PCOEF.,N,Y)
C 5000 SBR-PRNTIMP(XTIME,NT)

C 5300 SBR-PRNTFREQ(XMAG,XMAGDB,PHIN)

C 5600 SBR-PRNTPZ(POLE,NPOLE,ZERO,NZERO)

3 C 6000 SBR-PLTIMP(XTIME,NT ,KLAB,SCALE)
C 6300 SBR-PLTMAG(XMAGDB,N,KLAB,SCALE)
C 7000 SBR-PLTPHASE(PHI,N.KLAB,SCALE)
C 7500 SBR-PLT(ARRAY,N,KLAB,SCALE . XMIN,XMAX,XINC,
C YMIN,YMAX,YNC,XPOINT,YPOINT NPOINT ,KCHAR)
C NOTE: N=1 FOR IMP; KLAB=NEG FOR PHASE
C NOTE: SCALE=1. FOR 8X10 PLOT;SCALE=-1. FOR 16X10 PLOT
C  KPEN PICKS THE PEN COLOR
C  KLAB-THOU: 0=ASKS FOR TITLE / 1 =AUTOMATIC PLOT
C  KLAB-HUND: 0=NO AXES / KPEN=AXES AND LABELS
C  KLAB-TENS: 0=NO CURVE / KPEN=PLOT CURVE
C  KLAB-ONES: 0=NO POINTS / KPEN=PLOT DATA POINTS
C 9000 SBR-PLTPZ(POLE,NPOLE,ZERO,NZERQ,KLAB,SCALE)
g##*t*tt#tttt#*!t#***‘###t#*i****t***‘#!*##t
C

SUBROUTINE PZIMP(ZERO,NZERO)
C THIS ROUTINE CONVERTS THE ZERO LOCATIONS
C INTO AN IMPULSE RESPONSE BY MULTIPLYING
C OUT THE NUMERATOR POLYNOMIAL. THE RESULTS
C ARE PRINTED OUT AS POLYNOMIAL COEFFICIENTS.
COMPLEX ZERO(64)
DIMENSION ZPOLY (64.3), ZSUM(66) ZTEMP(66)

K=1

ZSUM(1) =1.

DO 90 =2 NZERO+1!
90 ZSUM (N =0.

DO 100 I1=1,NZERO
P=REAL(ZERQO(1))
Q=AIMAG(ZERO(1))
IF(Q.LT.00 GO TO 160
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C
..............

20 DO 38 1=1.N
W=2>PI*{]-1)/N
7= COSIW) + J*SIN(W)
HNUM=(1..0.)
IFINZERO.EQ.) GO TO 34
DO 33 K=1.NZERO

33 HNUM = HNUM*(Z-ZERO(K))
HNUMMAG =SQRT(REAL(HNUM)**2+AIMAG (HNUM)**2)
IF (HNUMMAG.GT.HMAX) HMAX =HNUMMAG

34 HDEN=(1.,0.)
IF(NPOLE.EQ.0) GO TO 38 .
DO 36 K=1.NPOLE

36 HDEN=HDEN*(Z-POLE(K))

38 H(I)=HNUM/HDEN

DO 39 1=1.N
39 H(D =HI)/HMAX
RETURN
END
C
(w********t*t*:tt*mm*t***t*t##*#tt**ttt*tlﬂl*‘
C

SUBROUTINE COEF(PCOEF,NPOLE,ZCOEF,NZERO,N,H)
C THIS ROUTINE CALCULATES THE FREQUENCY
C RESPONSE, H(W), FROM THE TRANSFER FUNCTION
C NUMERATOR AND DENOMINATOR COEFFICIENTS.
COMPLEX J.Z
COMPLEX HNUM HDEN,H(1024)
DIMENSION PCOEF(64),ZCOEF(64)
PI=4*ATAN(I.)
J=1(0..1)
C=1
IF (NPOLE.EQ.0) GO TO 21
DO 20 K=2,NPOLE+1
20 C=C-ABS(PCOEF(K))
21 DO 28 1= N
W=2"PI*(l-1)/N
7 =COS{W)+J*SIN(W)
IF (NZERO.GT.0) GO TO 22
HNUM=(1..0.)

-
.

1
TR TATRE L
Liata et .
KR

R
f GO TO 24

i 22 HINUM = (0..0.)

T DO 23 K=1,NZERO+1

‘;::i 23 HNUM =HNUM + ZCOEF(K)*Z**(K-1)

N 24 IF (NPOLE.GT.0) GO TO 25

- HDEN=(1.,0.)

v GO TO 28

b 25 HDEN=(0..0.)

- DO 26 K=1NPOLE+1 .
0 26 HDEN = DEN 4+ PCOEF(K)*Z**(K-1)

g 28 H(D) = C*HINUM/HDEN

. RETURN

‘. . END

F?,' (-ttttttl!4‘!lkt‘l‘rtttt‘0‘.““““‘.“‘#'."“‘!

f-

‘. C

f-':; SUBROUTINE MAG(X,Y.Z,PHI,N)
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ZPOLY (K, 1)=P**2+Q**2
ZPOLY (K, 2)=-2.*P
ZPOLY (K., 3)=1.
K=K+1
100 CONTINUE
DO 130 1=1,K-1
ZTEMP(1)=ZSUM(1)*ZPOLY(1.1)
ZTEMP(2) =ZSUM(D)*ZPOLY (1,1) +ZSUM(1)*ZPOLY (1,2)
DO 110 J=3.2*"1+1
. 110 ZTEMP(J)=ZSUM(D*ZPOLY (1,1) +ZSUM-1)*ZPOLY(1,2)
+ZSUMJ-2)*ZPOLY(1,3)
DO 120 L=1.2*1+1
120 ZSUM(L)=ZTEMP(L)
130 CONTINUE
print *, °°
print *, 'POLYNOMIAL COEFICIENTS:’
DO 30 I=1,NZERO+1
30 WRITE (6,40) 1-1,ZSUM(D
40 FORMAT (1X,'Z2***,12,” COEF =",F9.5)
print *, *°
RETURN
END
C
C*#*lk*‘*#***********t****#**‘#**#**t*“**l‘#*
C
SUBROUTINE FREQPZ(ZFREQ,NFREQ,ZERO,NZERO)
C THIS ROUTINE CONVERTS ZEROQ LOCATIONS
C STATED AS FRACTIONS OF THE CLOCK FREQUENCY
C TO Z-PLANE ZERO LOCATIONS
C NOTE: THEY MUST BE ON THE UNIT CIRCLE
COMPLEX ZERO(64)
DIMENSION ZFREQ(64)
NZERO=0
PI=4*ATAN(1))
DO 10 1=1 NFREQ
W=2*PI*"ZFREQ(1)
NZERO=NZERO+1
ZERO(NZERO) =CMPLX(COS(W) . SIN(W))
IF (ABS(SIN(W)) LT.1E-6) GO TO 10

[ NZERO=NZERO+ |
ok ZERO(NZERO) =CMPLX(COS(W),-SIN(W))
o 10 CONTINUE
o RETURN
- END
O C
;‘6‘ ("G*tlt*lt*tt*#tt‘ttttt!t*#‘ttt‘tttﬁt#‘t
ol SUBROUTINE PZ(POLE,NPOLE,ZERO,NZERO,N . H)
o C THIS ROUTINE CALCULATES THE FREQUENCY
= C RESPONSE, H(W), FROM THE POLE AND ZERO
o C LOCATIONS.
b COMPLEX J.Z
o COMPLEX HNUM,HDEN,H(1024)
O COMPLEX POLE(64) ZERO(64)
N PI=4*ATAN(I))
Ly J=10.,1)
Q:;. HMAX =0.
{ « /\2-3
o
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GO 1O
71=J+K
PI=4*ATANI(1))
DO3L=IM
LE=2**L
LElI=LE/2
U=(1.0,0.00
W=CMPLX(COS(PI/FLOAT(LE1)) . SIN(PI/FLOAT(LE!)))
DO 20 J=1,LEI -
DO 101=J.NLE
IP=I+LEI
T=X{UP)*U
XUP)=X(D-T ,
10 X(MO=XM+T '
20 U=U*W ;
30 CONTINUE
RETURN
END
C
C*t*t****t**t*****#****#**t##tti#“'t#tt!i“
c
SUBROUTINE PZMINMAX (POLE,NPOLE,ZERO,NZERO,PCOEF,N,Y)
C THIS ROUTINE PRINTS THE PEAKS AND VALLEYS OF
C THE FREQUENCY RESPONSE FROM THE POLE AND ZERO
C LOCATIONS
DIMENSION Y (1024)
DIMENSION PCOEF(64)
COMPLEX J.Z
COMPLEX XNUM XDEN,X
COMPLEX POLE(64) ZERO(64)

IRANGE=4

PI=4*ATAN(1)

print *.° FREQ ANGLE MAG MAGDB’
C
C CALCULATE NORMALIZING COEFFICIENT *C
¢

C=1

IF (NPOLE.EQ.0) GO TO 8
DO 6 K=2,NPOLE+1
6 C=C-ABS(PCOEF(K))
¢
C 1F MAG IS INCREASING L=1
C 1IF MAG IS DECREASING L=0
C INITIALLIZE L=2

Fo ( .

b3 8 L=2

Po- DO 90 [=2,N/2

o A=Y(i+1)

>

E" B=Y(I)

Y IF (AGT.B) GO TO 10
- IF (L.EQ.0) GO TO 90

o L=0

CA

e print *, "MAX®

o GO TO 20

e
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- C THIS ROUTINE CALCULATES THE ABSOLUTE

. C MAGNITUDE, MAGNITUDE IN DB, AND PHASE OF
- C A COMPLEX ARRAY (E.G. FREQUENCY RESPONSE H(W)).
ot COMPLEX X(1024)

DIMENSION Y(1024).7(1024) PH1(1024)

w P1=4*ATAN(I.)

S DO S0 I=1.N

XRE=REAL(X())

N XIM=AIMAG(X())

. Y (D =SQRT(XRE**2+ XIM**2)

"~ PHI(D = (180./PD*ATAN(XIM/XRE)

3 IF((XRE.LT.0.).AND.(XIM.LT.0.)) PHI(1) =PHI(I)-180.
b~ IFUXRE.LT.0.).AND.(XIM.GT.0.)) PHI() =PHI(1) + 180.
;: IF(ABS(Y(I)).LT.1E-6) Y(D)=1E-6

50 Z(1) =20*ALOG10(Y (1))
_‘ RETURN
a END

N C
.;: (‘**tti!*tt****‘kt**tttt#**#**‘*#*##*tt##*t'##
S C
s SUBROUTINE SAMPLE(Y ,Z.PHI.N)
C THIS ROUTINE MODIFIES THE FREQUENCY
- C RESPONSE BY SIN X / X FOR SAMPLING AT THE

C CLOCK FREQUENCY
DIMENSION Y(1024),Z(1024) ,PHI1(1024)
PI=4*ATAN(L)
DO 51 1=2,N/2+1
XJ=(I-1)*PI/N
Y(D=Y(D*(1-(1.8*(1-SIN(XJ)/XJ)))

0

4
M)

s e
#

ol 51 Z()=20*ALOG10(Y (1)

- RETURN

N END

.‘_. C

_) C***#*#***t#*#t##**#t#tl#tt###***#tt#‘#*#tttl
ey ¢

SUBROUTINE FFT(X,N)

25 C THIS ROUTINE PERFORMS AN N-POINT FFT ON
v C THE COMPLEX ARRAY X. AND RETURNS THE
™ C RESULTIN X.
® COMPLEX X (1024) U.W.T

M=0

NN=N

DO WHILE (NN.GT.1)
NN=NN/2
M=M+1

END DO

NV2=N/2

NM1=N-I

J=1

DO 7 1=1NMI

IFALGE.)) GO TO 5

T=XU)

X=X

XM=T

S K=NV2

6 IFAK.GED GOTO 7

) P WY
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1O Q. 1Q. D) GO 1O Y0
1. =1
print *, "MIN’

“PRINT OUT MAX OR MIN VALUES
" AND VALUES AROUND MAX OR MIN

~aoan

20 WW=2*PI*(1-1)/N -
DO 80 IW=-IRANGE,IRANGE
W=WW+ (2*PI*IW)/(N*IRANGE)
Z=COS(W)+(0.,1.)*SIN(W) o
XNUM={(1.0.)

IF (NZERO.EQ.0) GO TO 40
PO 30 K=1,NZERO

30 XNUM=XNUM*(Z-ZERO(K))

40 XDEN=(1.,0.)

IF (NPOLE.EQ.0) GO TO 70
DO 60 K=1,NPOLE

60 XDEN=XDEN*(Z-POLE(K))

70 X =C*XNUM/XDEN
XRE=REAL(X)

XIM=AIMAG(X)
XMAG =SQRT(XRE**2+ XIM**2)
XMAGDB=20*ALOG10(XMAG)
80 WRITE (6.85) W/ (2*P1),W*360/(2*P1), XMAG,XMAGDB
85 FORMAT(F13.4,F9.2,.E12.3,F10.3)
90 CONTINUE
RETURN
END
¢
(‘*3*******tl*t****‘*****“******‘******“#'i‘
¢

SUBROUTINE PRNTIMP(T,NT)
C THIS ROUTINE PRINTS THE IMPULSE RESPONSE.

DIMENSION T(1024)

print *, 7’

print *. 'IMPULSE RESPONSE:’

print *,

WRITE (6,15) (1.,TA) I=1,NT)

1S FORMATI(15,FF12.5)

print *,°
RETURN
END
¢
('*ttt#utv**!tﬁO"I*"*‘.*"‘.fﬁ*“‘*‘*“*'.‘-
¢
SUBROUTINE PRNTFREQ(Y,Z,PHI,N) J

C THIS ROUTINE PRINTS THE FREQUENCY RESPONSE.

DIMENSION Y (1024) Z(1024),PHI(1024)
print *, 7
print *. 'FREQUENCY RESPONSE:’ “
print *, 77
WRITE (6,24}

24 FORMAT 3X.'#'.10X."MAG " ,8X."MAGDB’,8X,"PHASE")
WRITE (6.25) (1LY(D.Z(D),PHID 1=1,N/2+1)

25 FORMAT (15,3X ,F12.5,3X,F10.3,3X.F10.3)
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print *, "’
RETURN
END

C
Ctti\tctt#‘tt#.##*“#*#t*t*tt#“!‘tiiltt‘##it
C
SUBROUTINE PRNTPZ(POLE,NPOLE.ZERO.NZERO)
C THIS ROUTINE PRINTS THE POLE AND ZERO
C LOCATIONS IN X-Y AND R-THETA COORDINANTS.
COMPLEX POLE(64), ZERO(64)
PIl=4"ATANI(].)
IF (NPOLE.EQ.0) GO TO 30
print ¥ °°
print *, "POLE LOCATIONS®

print *."” # REAL IMAG  RADIUS ANGLE FREQ(FC)’

DO 25 I=1 NPOLE
RADIUS=SQRT(REAL(POLE())**2+AIMAG(POLE(1))**2)
P=REAL(POLE(I))
Q=AIMAG(POLE()
IF (ABS(P).GT.1E-8) GO TO 15
ANGLE=90.
IF (Q.LT.0) ANGLE=-90.
GO TO 20

13 ANGLE=1(180./P)*"ATAN(AIMAG (POLE(1))/REAL(POLE()))
IF ((AIMAG(POLE(])).GT.0.).AND.(REAL(POLE(1)).LT.0.))
&ANGLE=ANGLE+180.
IF ((AIMAG(POLE(1)).LT.0).AND.(REAL(POLE(1)).LT.0.))
&ANGLE=ANGLE-180.
IF (ANGLE.LT.-1E-6) GO TO 25

20 WRITE(6,10) 1,POLE(1) . RADIUS,ANGLE ANGLE/360.

10 FORMAT(15,5F10.4)

25 CONTINUE

30 IF (NZERO.EQ.0) RETURN
print *, "
print *, "”ZERO LOCATIONS’

print *." # REAL IMAG  RADIUS ANGLE FREQ(FC)

DO 45 1=1,NZERO
RADIUS =SQRT(REAL(ZERO(1))**2+ AIMAG(ZERO(1})**2)
P=REAL(ZERO(I))
Q=AIMAG(ZERO(1))
IF (ABS(P).GT.1E-8) GO TO 35
ANGLE=90.
1F(Q.LT.0) ANGLE=-90.
GO TO 40
35 ANGLE=(180./PD*ATAN(AIMAG(ZERO())/REAL(ZERO(1)))
IFOAIMAG(ZERO) ) .GT.0.). AND.(REAL(ZERO(I)).LT.0.))
&ANGLE=ANGLE+180.
IFAIMAG (ZERO(D) .LT.0.).AND.(REAL(ZERO()).LT.0.))
&ANGLE=ANGLE-180.
I (AANGLE LT.-1E-6) GO TO 45
O WRITY (6 10) 1ZEROMD) RADIUS ANGIT E ANGLE/360
I CONTING
poant !
1R TURN
IND
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Appendix 3
BANDPASS FILTER DESIGN PROGRAM

¢ CDF4 5/26/83
¢
¢ This program plots the frequency response for cdf4
N
COMMON KQUEST,KPRNT,KLAB,SCALE
- COMMON Y(1024),Z(1024) ,PHI(1024) N H
COMMON /ZZZ/PCOEF(64) NPOLE,ZFREQ(64) NFREQ
COMPLEX G(1024) H(1024)
DIMENSION XPOINT(64), YPOINT(64)
PI=4*ATAN(1.)
M=10
N=2**M
SCALE=-1.0
KPRNT=0
KQUEST=1
C
C*’r*********t*****#*****#*****#t#t**i#it*‘*t#i#
¢
print *, °°
print *, ‘"TITLES’
DO 8I1=I,N
8 G(D=(1.0)
KLAB=100
CALL PLTPZ(POLE,0,ZERO,0,KLAB,SCALE)
CALL PLTMG (Z.0,KLAB,SCALE)
C
C**#v*t*it*‘**‘tt*‘t******#t*l*#**‘##‘#‘t“‘.l
C
10 print*, "
print *, "91 DEG POLES’
NPOLE=17
DO 12 I=1 NPOLE+1
12 PCOEF()=0.
PCOEF(1)=1.
PCOEF(15)=.6
PCOEL(18)=.3

KLAB=30
CALL CALCPOLE
DO 14 1=1,N
14 G(D=G(D*H()
(.
('i.l\k*ﬂv****!l‘lt‘**\ﬁt“ltt#‘##t*#“*““#..##ﬁ##“t‘
\] (<

20 print 7, "7
print *, '89 DEG POLES’
NPOLE=19
DO 22 1=1 NPOLE+1
2 PCOEF =0,
PCOFECT)Y -1,
PCOERCLIS) - 6
PCOLY(16) = )
PCOEF201) =2

Al




KLAB=40
CALL CALCIOLE
DO 24 1=1.N
24 G =(G-HD)
E‘**t#***‘*‘*"‘“#"#*#"“““"‘i“““.“"““‘
C
30 print*, '’
print *, '90 DEG POLES’
NPOLE=2
DO 32 t=1{ ,NPOLE
32 PCOEF)=0.
PCOEF(1) =1.
PCOEF(3) =875
KLAB=20
CALL CALCPOLE
DO 341=I.N
34 G =GO HD*H)
EWt**‘#‘**“*‘*"“#*"“***‘*““‘*****"*““
C
40 print *,
print *, "ZEROES’
NPOLE=0
NFREQ=6
DATA (ZFREQ(1).I=1,6) /.0325..108,.180,.320,.392,.4675/
KLAB=20
CALL CALCZERO
DO 46 1=1N
46 GH=GM*HD)
E‘************************‘*********“‘**“**‘
C
50 print *, 0
print *, "TOTAL RESPONSE’
KLAB=10
i+ (KQUEST.EQ.0) KLAB=KLAB+ 1000
CALL MAG(G.Y,Z,PHLEN)

[

- CALL PLTMG(Z,N KLAB,SCALE)
' 60 STOP
e END
Z: C
- ('*“***#*******"'#t*tt**#**t‘*#**tt##*t##!tt-#t
. C
> SUBROUTINE PLTMG(Z,N.KLAB,SCALE)
W DIMENSION Z(1024)
print *, "

primt *, "FREQUENCY RESPONSE PLOT’
CALL PLT(Z,N.KLAB,SCALE.0.,.5,.1.-80.,0.,20.,0.,0.,0,0)

e
Do)

* RETURN

“ END

A C

. ('ﬁ"f"**"* [ FE SRR IZSR R R RS SN S S A RS 2 22

v ¢

e SUBROUTINE PLTPH(PHIN,KLAB.SCALE)
n DIMENSION PH1(1024)
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print *, °°
print *, 'PHASE RESPONSE PLOT’
CALL PLT(PHIN.-KLAB,SCALLE,.22,.28,.01,-180.,180.,90..0.,0..0,0)
RETURN
END
¢
(‘*t#i***"“***&***#"‘#tt#“‘****#.t"‘.‘##ti
C
SUBROUTINE CALCPOLE
COMMON KQUEST ,KPRNT,KLAB,SCALE
COMMON Y(1024),7(1024) ,PHI(1024) N H
COMMON /ZZZ/PCOEF(64) NPOLE,ZFREQ(64) ,NFREQ
COMPLEX H(1024) POLE(64),ZERO(64)
NZERO=0
IF (KQUEST.EQ.0) KLAB=KLAB+ 1000
CALL ZPOLR(PCOEF ,NPOLE,POLE,IER)
CALL COEF(PCOEF ,NPOLE.,PCOEF,0.N,H)
IF (KPRNT.EQ.1) CALL PRNTPZ(POLE,NPOLE.ZERO,NZEROQO)
CALL PLTPZ(POLE,NPOLE.,ZERO,NZERO,KLAB,SCALE)
CALL MAG(H,Y,Z.PHIN)
CALL PLTMG(Z,N.KLAB.SCALE)
IF (KPRNT.EQ.2) CALL PZMINMAX(POLE,NPOLE,ZERO NZERO.PCOEF N.Y
RETURN
END
C
C*t*****t*#*****###**#tt#*tti*‘t*#*****i**
C
SUBROUTINE CALCZERO
COMMON KQUEST,KPRNT,KLAB,SCALE
COMMON Y(1024),Z2(1024) ,PH1(1024) N.H
COMMON /Z2Z/PCOEF(64) NPOLE,ZFREQ(64) NFREQ
COMPLEX H(1024) POLE(64),ZERO(64)
NPOLE=0
IF (KQUEST.EQ.0) KLAB=KLAB+1000
CALL FREQPZ(ZFREQ,NFREQ.,ZERO,NZERO)
CALL PZ(POLE,NPOLE,ZERO,NZERO,N,H)
IF (KPRNT.EQ.1) CALL PRNTPZ(POLE NPOLE,ZERO,NZERO)
CALL PLTPZ(POLE.,NPOLE.,ZERO,NZERO.KLAB,SCALE)
CALL MAG(H,Y . Z,PHI,N)
CALL PLTMG(Z N,KLAB,SCALE)
IF (KPRNT.EQ.2) CALL PZMINMAX(POLE,NPOLE,ZERO NZERO,N.Y)
IF (KPRNT.EQ.1) CALL PZIMP(ZERO,NZERO)
RETURN
END
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Appendix 4
WHITE PAPER
FM DEMODULATION FOR FREQUENCY HOP COMMUNICATIONS SYSTEMS

1. INTRODUCTION

lFor the past several years, the General Electric Corporate Research and Development Center has
been developing Charge Domain Filter (CDE) technology for application 1o Military Systems needs.
{Work performed under contract F19628-80-C-0213) A CDF is a type of Charge Coupled Device
(CCD) for signal processing in which samples of the incoming signal are represented by charge packets
which are split up, routed along various paths, and recombined to form new charge packets representing
samples of the output signal.  All necessary mathematical operations including multiplication. additon
and delay can be performed, resulting in a completely flexible signal processing capability.  Since all
operations are performed directly on the charge packets themselves, non-lincarities that commonly arise
in charge-to-voltage and voltage-to-charge translations do not occur. Thesc devices are capable of im-
plementing extremely sophisticated signal processing functions with high accuracy, low power, and very
high speed.  After working out many details of device structure design and filter system architecture,
this effort has recently culminated in the design of a bandpass filter with some unusual characteristics.
These are illustrated in Figs.1 and 2. which are amplitude plots of the frequency response ol the filter,
The width of the passband is approximately 1% of the clock frequency, and the pass band has both a
linear phase response and a flat amplitude response. The skirt selectivity corresponds to 8 poles, and
the stop band drops off to more than -100 dB compared to the passband response. Furthermore, since
the insertion loss is only about 12 dB, the dynamic range is expected to be of the arder of 70 dB. Since
the design is compatible with buried channel CCD structures, it is expected that this filter characteristic
can be obtained at any frequency from the audio range up to approximately 100 Milz. Since the center
frequency of this filter depends on the clock frequency, it is possible to move its frequency around at
clectronic speeds. Thus, a filter similar to the one shown could serve as a basis for a highly sccure
communications system based on frequency hopping.

2. POSSIBLE SYSTEM ARCHITECTURE

A filter such as the one shown can be used in many different applications, and the communications
systcm proposed here is only one suggestion. It was chosen as an cxample because it exploits a number
of the unique characteristics of the CDF filter cited above.

A possible system architecture for a frequency hopping communications system is shown in Fig.Ja
and 3b. Fig.3a is a schematic system block diagram including a tuner and tirst i.f. amplifier of conven-
tional design which delivers a relatively broad frequency spectrum and a monolithic **back end™” whose
function is to select a frequency hopped signal from within the passband ol the front end and deliver a
fully decoded digital bit stream at its output. Since the monolithic back end is a sampled duata system
(and therefore has alias passbands), we assume that the passband of the front end is limited to less than
one-fourth of the sampling frequency of the monolithic processor. This is indicated in Fig.3b by the
dashed line frequency response. In the monolithic processor itself, a first filter is used in one of ity
alins response bands 1o select a relatively narrow portion of the spectrum and to down convert it 1o the
< fundamental passband of the filter at one-fourth of its clock frequency. This band of frequencies is
A * then further split by a sccond filter of the same type that is operated at a lower clock frequency. Since
N this sccond filter is also operated in an alias passband, a further down conversion is cffected, and the
o bandwidth is further narrowed in the process. Finally, the charge packets are put through a charge
X . domain limiter so as to remove any amplitude modulation that may be present, and is passed to a
*‘ charge domauin FM demodulator which will be discussed further below.

In the above system diagram, it is assumed that all of the operations are performed in the charge
domain so that no signal recovery is required at any internal point. The entire system is assumed to be
implemented by splitting and recombining of charge packets and by skimming operations. This will
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pernut a single chip implementtion which can operate at high speed with good immunity 1o power sup-
phy variations, ete. In order o accomplish this objective, several of the component subsystems, such as
the Charge Domain amplitude limiter and the Charge Domain FM demodulator would need further
development effort

3. PROPOSED RESEARCH PROGRAM

ldeas have already been generated for accomplishing the objective outlined above, and these will
now be described.

a. Amplitude limiter.

A method for removing amplitude modulation from a frequency modulated signal is shown in
Fig.da and 4b. Fig. 4a is a surface potential diagram for a new device siructure which accomplishes
amplitude limiting of an a.c. signal, and Fig.4b is a plan view schematic layout. The operation is
bused on the principle of skimming.[Ref.] Charge packets representing samples of a sinusoidally
varying input signal arrive from the reservoir at the left of Fig.4. and, assuming their amplitude is
sufficient to surmount the skimming barricr, they pass over the small output reservoir on their way
1o the sink. In the process, the output reservoir is filled completely, irrespective of the amplitude
of the incoming packet. If, on the other hand, the incoming packet was insufficient to surmount
the skimming barrier. no charge at all will enter the output reservoir. Thus, the outpul reservoir
will either be filled completely or totally empty (except, of course for a very narrow range of ampli-
tudes very close to the level of the skimming barrier). If the level of the skimming barrier is adap-
tively adjusted so that it lies right at the center of the range representing the positive and negative
peaks of the input signal, the result will be to turn signals of essentialy any amplitude into square
waves of uniform amplitude.

b. FM Demodulator

The demodulator proposed for this system is essentially two frequency sensitive filters, one
tuned to the frequency excursion below the carrier, and the other tuned to frequency excursion
above the carrier. In order to keep the transient response as short as possible, these filters can be
designed as transversal filters with impulse responses that are of finite duration. In practice, filters
having impulse responses as short as 9 samples are feasible. Thus, digital bit rates can be as high
as one tenth of the clock frequency are possible. These filters can be shaped to produce a linear
amplitude versus [requency response in the area of interest as shown in Fig.5. Or, for a digital f.m.
demodulation, where only a single frequency shift is present, these filters can be more narrowly
tuned and centered on the two shifted frequencies.

4. SUMMARY

Some excellent and unique capabilities possessed by Charge Domain Filters have atready been
demonstrated, and it is proposed o exploit these in a frequency shift (i.e. FM) digital communications
system. This system would be tunable in frequency at electronic speeds, permitting a high speed fre-
queney hop strategy tor sceurity and jam resistance. The entire “*back end™ including second and third
L0 limiter and FM demodulator can be incorporated onto a single silicon chip if desired.

The basic filter technology required—including both device structures and filter system architecture
have already been developed, and specilic idcas for implementing the limiter and demodulator fuctions
have been presented.
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Appendix §
PROGRAMMARLE CHARGE DOMAIN FILTERS FOR SOLID STATE RADARS

1. INTRODUCTION

During the past two years, the General Electric Corporate Rescarch and Development Center has
. been developing Charge Domain Device (CDD) technology tor potential use in military applications.
These carly developments, while not addressing particular applications, demonstrated that greatly in-
creased linearity and significantly higher clock speed (as compared to conventional techniques) could be
achieved by this new technology. The thrust of this work was to improve device operating speed and .-
curacy and to investigate the underlying device physics which determines the ultimate performance
capabilities of this technology. Device simulation tools have been developed (o study these new device
structures. With the knowledge gained thus far, it is now appropriate 1o identify some  arcas of applica-
tion where CDD’'s can best be used.

,~:',- A series of presentations on the subject of CDD capability was recently made 1o groups ol engineers
. within GE who are involved with military applications. Thesc groups included representitives from
E-:::- G.E.’s Aerospace Electronic Systems Dept., Military Equipment Systems Opcration, Ordnance Systems
B“- Dept.. and other parties knowledgeable in military applications for sophisticated electronic signal pro-
3 cessing. One frequently expressed desire was for flexibility, and in particular, for an ability to digitally

program the function performed by a signal processing sub-system. Our efforts have correspondingly
included the investigation of programmable CDD’s, and recent developments have indicated the leasi-
bility of providing this important function in CDD signal processing devices. The discussions also
focussed on several specific application areas which are within the rcach of present CDD technology,
but which are extremely difficult to accomplish by any other means. A building block approach has
been conceived which would utilize a chip-cascadable, programmable CDD analog-analog correlator in
order to meet the needs of many of these programs.

2. TECHNICAL APPROACH

The technical approach for designing a generic chip which could meet these needs is based on a new
signal processing chip architecture which could be called a Moving Reference Programmable CDD. In
this architecture, analog samples are scanned into a series of individual programmable charge splitters
wherc they remain until they are replaced. Binary bits representing the K and 1-K coeflicients for a tap
weight propagate along digital shift registers so that the coeflicients move from splitier to splitier in se-
quence. During each bit time. the charge packet in cach of the splitters is split into two cqual parts,
and the portion corresponding to the binary weight of that bit is delivered to the K or (1-K) accumula-
tor as appropriate. The remaining half is then ready for further binary splitting. When all of the binary

L}: bits of a particular tap coefficient have been processed, the output of the entire series is read out by
LN means of a pair of overlying electrodes that sense the charges in the K and [-K accumulators.  After
t-. readout, the charges in the K and 1-K accumulators are returned Lo the same charge splitting reservoir
5 where they started. That is, they are not passed to the next stage as they would be in a conventional
), - ~ . . s . . - .. .
NN CCD filter. At this point. the shift register containing the reference coeflicients is clocked so that the
h 4 N binary bits move to the next splitter in the series. The advantages of this architecture include the fact
b that there is no cumulative charge transfer loss, the digital bits can be passed from chip to chip without
RS . . iy . . . .
o~ degradation, and the output can span several chips, if desired. The lack of charge transfer loss is due to
C,.:: the fact that the analog charge packets do not move from stage to stage. Thus, any charge left behind as
[0 a result of charge transfer ineflicicncy is not mixed with the next sample, but is instead simply recom-
o bincd with the transferred part of the same sample. The cascading of chips, which is required for the
!_t long BT products needed in many applications, is accomplished by simply connecting the shift register
*}: aoutputs from one chip 1o the inputs of the next and connecting the corresponding overlying clectrodes
)
;-\ together,
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Assuning that ¥ 1o 10 bis of accuraey aie necded on the relerence coctlicients for adequate
sidelobe suppression, the sphitting clock will have to run at 8 to 10 umes the primary sampling rate.
T'his is not a problem however, since the splitting clock on-chip driver would only be driving onc low-
capacitance clectrode.  Additional speed may be obtained by implementing the splitting function in
buricd channel while the output charge sensing procedure (which runs at the sampling rate) could
remain surface channel for lincarity reasons. Thus sampling rates in the multi-megahertz range are en-
tirely feasible. .

3. DISCUSSION

The development of such a correlator chip would provide a practical solution to a broad range of
problems including a programmable sampled data filter, a pulse compressor for solid state radars, and a
secure communications device, incorporating coded variable analog reference techniques as well as fre-
queney hopping techniques. One particular application which is impractical with conventional technolo-
gy is outlined below.

At the present time, USAF advanced warning airborne radars utilize high power pulsed klystrons
with peak power in the multi-megawatl range in order to provide sensitivily at the desired distances.
Not only are these tubes bulky and relatively heavy, but they are also very expensive and difficult to
build. A desirable alternative would be an equivaient solid state radar power source, but a direct re-
placement is out of the question because of the limitations on peak power of solid state devices. In-
stead, the solid state alternative would use a puise of longer duration and lower peak power, with ap-
propriate pulse compression to obtain the equivalent peak power. The problem comes about because of
the extrenmie amount of pulse compression required, (namely several thousand to one), the high
bandwidth, (namely several MHz.), and the low sidclobe level that can be tolerated. These require-
ments in combination add up to several giga multiply/add operations per second with at least 12 bits ac-
curacy.  Unfortunately, the size and weight of a processor to accomplish this signal processing task is
presently at least as large as the klystron it would replace, and the power required would be consider-
ably greater than the transmitter power. By using programmable and cascadable CDD correlators, this
task can be accomplished with perhaps a few dozen low power chips.

The alicrnative ol addressing this application with conventional CCD’s is not an attractive one. If
surtace channel CCI's were used. charge transfer losses would be prohibitive. Even buried channel
devices become marginal after so many stages, but these couid be made to work if a dummy stage (with
bias chuarge only) were inserted between cach signal sample. This means that the clock rate would have
to be double the sample rate, implying clock rates as high as 10 MHz. in some cases. The number of
stages is also doubled, of course, so the power is increased fourfold. We would end up with a CCD
with about 5000 stages (10,000 transfers) being clocked at 10 MHz. To avoid transfer loss problems, a
CCD of this length and speed would have 1o be a buried channel device, but this would imply a high
degree ol output non-linearity. In other words, this application is not well suited to any previously pro-
posed technology--cither digital or analog.

%

b 4. CONCLUSION

n . : . : )

R The development of Charge Domain Devices has reached the stage where they may be used in ap-
:.- pheations 1o overcome problems that are extremely cumbersome, il not insoluble, with conventional
N technigues. One particular application which exemplifies this is pulse compression for solid state long
d | range radars. The high speed and programmability capabilitics ol CDD’s provide an attractive solution
9

to this problem. A follow-on program of approximately 18 months total duration to develop this appli-
cation would be appropriate at this time.
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MISSION
of

Rome Air Development Center

RADC plans and executes reseanrch, development, test and
selected acquisition proghams in suppont 04 Command, Control
Communications and Tntelligence (C31) activities. Technical
and engineering suppont within areas 0§ Lechnical competence
<8 provdded to ESD Prognram Offices (POs) and other ESD
elements. The prinedpal technical mission areas are
communications, electromagnetic guddance and control, sur-
velllance of ground and aerospace obfects, intelligence data
collection and handling, infonmation system technology,
s0lid state sciences, electromagnetics and efectronic
reliability, maintainability and compatibility.
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